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In this study, I investigated the continental shelf environments of the Bering, Chukchi, and
Beaufort Seas using species of Ostracoda and their shell chemistry as indicators of
oceanographic conditions and change. Ostracodes are bivalved Crustacea that secrete a
calcareous shell commonly preserved in sediments in the Arctic. Because ostracode species have
survival limits controlled by temperature, salinity, oxygen, sea ice, food, and other habitat-
related factors, they are useful ecological indicators. A primary objective of my dissertation
research was to establish how their ecology, biogeography, and shell geochemistry is related to
ocean variability in water mass properties and productivity at high latitudes. First, [ examined
community assemblages of ostracodes over several decades (1970-2018) in the northern Bering,
Chukchi, and Beaufort Seas, and the main environmental factors that affect their biogeography.
Results showed that large-scale south-to-north and small-scale nearshore-offshore gradients in

ostracode community structure were tied to changes in water mass properties in combination

with food sources and sediment substrate. Although the dominant species did not significantly



change over the investigated period, the frequency of two cold-temperate species that are
primarily and previously restricted to shallow North Pacific sediments off Asia has increased
during the last decade. This suggests that these species are responding to recent increases in
coastal and mid-shelf bottom water temperatures and/or carbon flux to the benthos. A second
goal was to assess the feasibility of using stable oxygen isotopes (8'%0) of carbonate from
ostracode shells as paleoceanographic proxies for water mass identification on Arctic and
subarctic continental shelves. Through the use of regression analyses, I established that the §'%0
values of carbonates from two species (of five investigated) can be reliable recorders of summer
water mass changes in temperature and seawater 8'80 content. The third part of the study was to
use results from these prior two goals in combination with data on biogenic silica, foraminifera
assemblages and stable isotope composition of biogenic carbonates, to reconstruct 2,000 years of
paleoceanography from a radiocarbon-dated sediment core on the Mackenzie Shelf of the
Beaufort Sea. This high-resolution (sub-centennial) record identified shifts in multiple proxies
that are related to climate oscillations such as the Medieval Climate Anomaly, the Little Ice Age,
and the modern period of anthropogenic change. The overall findings of my dissertation research
support the premise that on complex and dynamic continental shelves, paleoceanographic
uncertainties can be addressed by documenting microfossil faunal assemblages, measuring stable
i1sotope variability in microfossil carbonates, as well as relating the distribution of species in time

with an understanding of species ecology.
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(DBO3-5 or DBOS5-10) that are affected by Bering Sea Water (winter or summer variants). This
subset of data was derived from the Pacific Marine Arctic Regional Synthesis (PacMARS)
Project (Grebmeier and Cooper, 2014a; http://dx.doi.org/10.5065/D6VM49BM; Okkonen, 2013;
https://data.eol.ucar.edu/dataset/10339) and recent expedition data (2014-2018) taken aboard
USCGS Healy and CCGS Sir Wilfrid Laurier and archived at the National Science Foundation's
Arctic Data Center.

Figure 2.5 Principal correspondence analysis (PCA). PCA of ostracode assemblages in the northern
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leioderma, S. bradii, and P. pseudopunctillata. The proximity of the symbols in the plot reflects the
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Chukchi, and Beaufort Seas biogeographic dataset (1970-2018), describes relationships between
ostracode assemblage structure and geographic ecoregions in the region. Ostracode biofacies
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Figure 2.6b Canonical correspondence analysis (CCA). CCA of ostracode assemblages in the
northern Bering-Chukchi Sea region, with sampling ecoregion sites (noted by symbol on legend),
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labels in black: temperature, salinity, sediment total organic carbon [TOC], sediment nitrogen
[TON], sediment chlorophyll-a [sedchla], phi >5 [fine silt], and phi 0-4 [gravel pebbles to
sands]). Samples in the Hanna Shoal region (red dots) were separated from the larger
northeastern Chukchi Sea sample set (inverted red triangle). Dataset includes the 14 most
abundant species in 153 surface sediment aliquots (23,939 total specimens) from the northern
Bering and Chukchi Seas during summers 1990-2018 for which sediment data was available.

Figure 2.7a Primary species, DBO2 - Chirikov Basin. Stack plot of dominant species in DBO2-
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2018; n=15, 1,314 specimens with >30 specimens/sample). The 11 species presented in the stack
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Figure 2.7b Summer bottom water salinity at western and eastern DBO2 - Chirikov Basin
sampling sites. Time series plot of summer bottom salinity at sampling stations on the western
and eastern side of the Chirikov Basin (Source: Grebmeier and Cooper, 2014a; Okkonen, 2013;
and recent expedition data (2014-2018) taken aboard USCGS Healy and CCGS Sir Wilfrid
Laurier archived at the Arctic Data Center).

Figure 2.8 Primary species, DBO3 - Southern Chukchi Sea. Stack plot of the 12 most abundant
species and one genus (Semicytherura), comprising 92% of the ostracode assemblage, in DBO3
region (sites on Fig. 2.2 map) from years ranging from 1998 to 2018, (n=32 samples with >30
specimens/sample, 7,514 total specimens).

Figure 2.9 Primary species, Central Chukchi Sea — Ledyard Bay. Stack plot of the 12 most
abundant species and one genus (Semicytherura), comprising >90% of the ostracode assemblage
at the 2018 Ledyard Bay transect (sites on Fig. 2.2 map), southeast Chukchi Sea, (n=5 surface
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Figure 2.10 Primary species, Northeast Chukchi Sea - Icy Cape. Stack plot of the 9 most
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Figure 2.12 Primary species, DBOS5 — Barrow Canyon. Stack plot of the 11 most abundant
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emarginata, J. acuminata, S. affinis, S. mainensis, and S. undata.

Figure 2.14 Principal correspondence analysis of ostracode assemblages by year groups. Synoptic
PCAs using the biogeographic dataset (samples located on Fig 2.1 map) from the BCB grouped by
the three regions and two collection periods, a.) 1970-2012 and b.) 2013-2018.

Figure 2.15 Time series of key species in Chukchi Sea. a.) N. leioderma, b.) P. pseudopunctillata,
c.) S. bradii, d.) S. ikeyai, e.) M. mananensis

Chapter 3

Figure 3.1 Location of sediment and near-bottom water sampling stations (n=78) in the northern
Bering and Chukchi Seas used in this study. The primary summer surface currents, which can
mix to the bottom to affect the sample site’s water mass, are labeled (flow patterns adapted from
Stabeno et al., 2018 and Danielson et al., 2017).

Figure 3.2 a.) 5'%0 values of seawater from sampling stations (listed in Table 3.2), sorted by
water mass properties versus temperature; b.) '80 values of seawater, sorted by water mass
properties versus salinity. Simple regression analysis was conducted on all samples overall (R?>=
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0.04 for temperature and R?>= 0.45 for salinity) and for samples labeled by water mass
represented with the coefficient of determination, R?, cited in the legend. The analytical error of
the mass spectrometric measurement is ~0.1%o, which is similar to the symbol size.
Abbreviations: AW= Anadyr water; ACW = Alaska coastal water, BSW= Bering Sea water;
RWW= remnant winter water

Figure 3.3 a., d., g., j., 1.) 8"®Oost results for each species from each sample; b, e., h., k., m.)
calculated adult vital offset (difference between 6'3Qost- 8'8Qexpected) values for each respective
species with average values cited to the right; Figure 3.3 c., f., 1.) calculated juvenile vital offset
values for each species and average value cited to the right.

Figure 3.4 Principal component analysis results for factor loadings that include temperature,
8'80,, salinity, and 8'8Owater. Species are color coded as follows: N. leioderma (red); P.
pseudopunctillata (green); S. bradii (blue); H. sorbyana (purple); and H. fascis (orange); and
symbols of each respective color indicate the water mass in which the sample was collected. The
pink circular highlight represents samples primarily in the southeast Chukchi Sea (DBO3-1 to
DBO3-4) in ACW. The yellow highlight represents samples located in the northern Chukchi Sea
(DBO4, DBOS) in BSW and RWW. The blue highlight represents samples located in the western
Chirikov Basin that are influenced by AW (DBO2) and samples located offshore in BSW.

Figure 3.5 a.) 'Oy results of N. leioderma (red circles) and P. pseudopunctillata (green
squares) sorted by water mass of sample versus temperature; b.) 8'%O, results sorted by water
mass of sample versus salinity; c.) §'8Owater results sorted by water mass of sample versus 'O
(Values are not corrected for vital offsets.) Simple linear regression analysis was conducted on
samples shown in each plot (N. leioderma: R?>= 0.67 for temperature, R?>= 0.58 for salinity, R?>=
0.47 for "8 Owater; P. pseudopunctillata: R*>= 0.52 for temperature, R?>= 0.52 for salinity, R>= 0.06
for 3'"8Owater ) and for samples identified in ACW because, in some cases, the R? value supported
a significant relationship.

Figure 3.6 §'% 0, results of S. bradii (blue triangles) sorted by water mass of sample versus
temperature; b.) 8!8, results sorted by water mass of sample collection versus salinity; c.)
8'80water results sorted by water mass of sample versus 8'80os values. (Values are not corrected
for vital offsets.) Simple linear regression analysis was conducted on samples shown in each
plot, which show no significant relationships between one variable to predict the other variable
(R?= 0.09 for temperature, R>= 0.14 for salinity, R?>= 0.03 for §'%Owaer).

Figure 3.7 §'Q0,s results of H. sorbyana (purple squares) and H. fascis (orange circles) sorted by
water mass of sample versus temperature; b.) §'8 O, results sorted by water mass of sample
versus salinity; c.) 8'"®Owater results sorted by water mass of sample versus 8'80os. (Values are not
corrected for vital offsets. Regression tests were not conducted because of too few samples.)
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Figure 4.1 Schematic circulation of Chukchi and Beaufort Seas and geographic names. The
HLY 1302 MC29, GGC30 and JPC32 (69.97°N, 137.24°W) core site (magenta circle) on the
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Mackenzie shelf in 60 m water depth. The green arrows denote the main pathway of Pacific-
origin water exiting Chukchi Sea shelf and contributing to the Chukchi Slope Current to the west
and Beaufort Shelfbreak Jet to the east. The blue arrow represents the Shelf Current in the
vicinity of Mackenzie Canyon. The Beaufort Gyre (yellow arrow) situates in the Canada

Basin. The bathymetry (in meters) is from The International Bathymetric Chart of the Arctic
Ocean (IBCAO) v3.

Figure 4.2 Near-bottom summer a.) salinity and b.) temperature measurements (n=238) from a
subset of CTD collections during August and September, 1990-2012 (Okkonen, 2013), with the
core site denoted by a white circle. Archived data sets from which the CTD summary data were
derived are detailed in Grebmeier et al. (2015), Appendix G1. Figure created using Ocean Data
View software (Schlitzer, 2018).

Figure 4.3 Correlation of multicore 29 (MC29B) chronology to activities of 2!°Pb and '37Cs in
the top 37cm of sediment.

Figure 4.4a.) Age-depth model of HLY 1302 composite cores, MC29, GGC30, JPC32. Seventeen
median radiocarbon dates shown with 2-sigma error bars (~95% of the measurements fall within
the bar range) in years before present (BP) and calendar years (in red parentheses). b.) the
regression model y=4.0683(x)+ 196.91 used to linearly tie the 10 most recent dates of the
undisturbed sequence.

Figure 4.5a&b. Principal component analyses of (a.) ostracode assemblages and (b.) foraminifera
assemblages colored by major time periods.

Figure 4.6. Stack plot of ostracode species that make up 98% of the assemblages by composite
depth.

Figure 4.7. Stack plot of primary foraminifera species that make up ~95% of the assemblages by
composite depth.

Figure 4.8a.) Number of ostracode specimens per binned sample; MC29 was binned every 5 cm,
GGC30 every 10 cm and JPC32 every 20 cm. Two samples contained <25 specimens/binned
sample, and these are indicated by yellow highlights. b.) Percent abundance of selected benthic
ostracode and c.) foraminifera species (of total specimens/sample) against composite core depth.
Selected foraminifera faunal data from Seidenstein et al (2018). Foraminifera species abundance
in MC29 (black lines) are plotted separately from GGC30/JPC32. General periods of the LIA
(1300-1850; ~36-160 cm composite depth) and MCA (800-1200; 195-294 cm), per our age
model, are shown by blue and red shaded vertical bars, respectively. The beginning of each time
zone is labeled 1, 2, 3, and 4. Confidence limits (95%) shown on the faunal plots were calculated
using the algorithm for binomial probability (Raup, 1991).

Figure 4.9a.) Percent of sediment biogenic silica against age (calendar years, CE); b.)
Measurements of ostracode §'0 (green) and foraminifera §'80 (blue) against age; c.)
Measurements of ostracode §'C (green) and foraminifera §'3C (blue) against age. Carbon
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1sotope values are binned (averaged) in 25-year intervals from 1800 to 2013 and binned by 100-
year intervals from 0 to 1800 CE to smooth the large variability of measured values; d.) Modeled
Mackenzie River outflow per Wickert (2016), and modern value representing 1990s from Carson
et al. (1998). Shaded horizontal bars on plots indicate average standard deviation values.
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Chapter 1: Introduction and Background

1.1 General aspects of ostracode life history

Ostracodes are a meiofaunal bivalved Crustacea class, with adult shells ranging in size
from 0.5 to ~2.0 mm in length (Higgins and Thiele, 1988). Marine ostracode species investigated
in this study are in the subclass Podocopa, order Podocopida, and live on (epifaunal) or within a
few centimeters (infaunal) of seafloor sediment. Species are identified based on morphological
characteristics of their shells, which are related to a particular species’ ideal habitat. Infaunal
ostracodes have carapaces that are smaller, smooth, tapered or elongated (Benson, 1961, 1974;
Coles et al., 1994; Tanaka, 2009) while epifaunal ostracodes tend to have boxy or triangular
outlines with more heavily calcified shell features that can include wing-like alae, carinae
(ridges), tubercles or spines (Benson, 1961). Generally, species found in higher energy
environments on coarse or gravely sediments have more robust, ornamented or reticulated

carapaces (Benson, 1961, 1984).

In Arctic and subarctic regions where my investigations took place, ostracode abundance
and diversity are greatest during summer months when temperatures are warmest and organic
productivity is more available to facilitate reproduction (Horne, 1983). A full ostracode lifecycle
includes eight molts before reaching adulthood (Horne, 1983; Cohen and Morin, 1990; Horne et
al., 2002). Most marine ostracode species reproduce sexually (Horne, 1983). Females brood their
eggs inside their carapace and early molts hatch with hardened shells (Horne, 1983; Cohen and
Morin, 1990). Cold-water ostracode species appear to have seasonal lifecycles, and produce one

or more generations per year in spring and summer, and commonly reach adulthood in late



summer/early autumn (Horne, 1983). Since benthic ostracodes are non-swimmers, their dispersal
1s dependent on ocean currents. Most ostracodes are scavengers, feeding on detritus (particulate
organic carbon, POC), algae, and bacteria (Elofson, 1941). Ostracodes also serve as food for
higher trophic organisms, and play a role in biogeochemical processes as nutrient recyclers

through excretion, and indirectly by physically disturbing the sediments.

Specific life history details for many species, such as the number of broods per season,
lifespan and food preferences, are difficult to ascertain since most species have not been directly
observed in nature. However, a few controlled laboratory experiments of cold-water marine
ostracodes (e.g. Elofson, 1941; Majoran and Agrenius, 1995; Majoran et al., 2000; Ikeya and
Kato, 2000) have been conducted to constrain some of these aspects. Through culturing studies,
Elofson (1941) found that shallow water ostracodes possess wider temperature tolerances than
deep-sea species. He estimated the total life span for a few frigid continental shelf species
(Sarsicytheridea bradii, Robertsonites tuberculatus and Acanthocythereis dunelmensis) to be a
few years. In arctic and subarctic areas, ostracode diversity exceeds 100 species (Gemery et al.,
2015; Cronin et al., 2021). Worldwide, more than 20,000 extant species live in numerous aquatic
environments (Morin and Cohen, 1991; Horne et al., 2012), and some 33,000 are described in the

fossil record that spans nearly 500 million years (Horne et al., 2002).

1.2 Reference literature on ostracode taxa

The primary taxonomic authorities I used for the study of cryophilic podocopid
ostracodes include: Sars (1866, 1922-28), Elofson (1941), Neale and Howe (1975), Joy and

Clark (1977), Cronin (1981, 1988), Brouwers (1981,1982a, 1982b, 1990, 1993, 1994), Whatley



(1982), Hazel (1970), Penney (1989), Hartmann (1992), Whatley et al (1998), Freiwald and

Mostafawi (1998), Whatley and Coles (1987), Stepanova (2006), Stepanova et al. (2003, 2004,
2007), Mackiewicz (2006), Schornikov and Zenina (2006), Frenzel et al. (2010), Gemery et al.
(2015). Species identification is based on carapace morphology (shape and size), pore size and

distribution, hinge characteristics, and shell ornamentation.

1.3 Applications of ostracodes as indicators of benthic environments and change

In my dissertation studies, | use ostracode assemblages and their carbonate shell stable
isotope composition (expressed as '%0 and 8'*C values) to infer ecological and water mass
conditions, anthropogenic effects and as a tool for paleoceanographic reconstruction. Many
benthic marine species of ostracodes inhabit a narrow range of hydrochemical conditions.
Assemblage composition in any given area is constrained by a combination of environmental
gradients such as depth, water mass structure (temperature, salinity), habitat (bottom topography,
sediment type), and productivity (food, nutrients, light). Consequently, living assemblages serve
as proxies of specific environments. Ostracodes provide a number of ways to evaluate the effects
of changing environmental conditions in different types of areas/ecotones, for instance from
nearshore to offshore and over climatic zones (e.g. Hazel, 1970; Stepanova, 2006; Yasuhara et
al., 2012). In addition to distinct species’ ecology, their small size, abundant fossil record,
species-level identification and limited stratigraphic ranges makes ostracodes useful tools for
paleoecologic, paleoceanographic reconstructions and biostratigraphy (e.g. Brouwers, 1992;
Cronin et al., 1993; Ikeya and Cronin, 1993; Stepanova et al., 2007; Horne et al., 2012; Gemery

et al., 2017).



Carbonate shell stable isotope measurements add to the value of ostracodes as proxies for benthic
oceanographic change. Stable oxygen isotopes (8'%0) of calcareous microfossil tests — primarily
planktic and benthic foraminifera — have been used to reveal changes in global ice volume, ocean
circulation, and temperatures over decadal to millennial timescales (e.g. Shackleton, 1974;
Lisiecki and Raymo, 2005). Likewise, stable carbon isotopes (8'3C) are primarily used to
identify glacial to interglacial changes in surface primary productivity products exported to the
seafloor. Marine ostracode isotopic records are underutilized, but the controls on isotope
incorporation are similar to those of benthic foraminifers (Didi¢ and Bauch, 2002). However,
unlike molluscs or foraminifera that secrete their shells over their lifespans, ostracodes secrete
their CaCOs shells rapidly, within a few days (Turpen and Angell, 1971; Peypouquet et al., 1988;
Chivas et al., 1983; Roca and Wansard, 1997). Therefore, analysis of their shell §'*0 and §'3C
provide a “snapshot” record of the water conditions at the time of calcification. This enables
oceanographic reconstructions of short-term regional hydrographic variability as well as long-
term glacial to interglacial water mass change, depending on the study goals.

The "0 of non-marine ostracode valves have been widely used for paleoenvironmental
studies of lakes, but to date, only a few studies have investigated marine ostracode 8'30 values in
relation to oceanographic parameters: Didi¢ and Bauch, 2002 (Iceland Plateau in the north
Atlantic); Simstich et al., 2004 (Kara Sea); Mazzini, 2005 (Tasman Sea and Campbell Plateau
off New Zealand, deep Southern Ocean); Bornemann et al., 2012 (Mediterranean Sea). Each
study conducted §'%0 analyses of their chosen taxa from modern surface sediment specimens and
established species-specific vital offsets from those isotope ratios expected from equilibrium-
based composition of calcite. Results confirmed that ostracode species do not precipitate calcite

in equilibrium with the temperature and the 3'%0 composition of seawater, and that species-



specific vital effects cause this disequilibrium. Keatings et al. (2002) suggested that vital-effect
offsets may be influenced by different rates of calcification. Most of the above-cited studies
found positive vital-effect offsets in the §'%0 of the taxa examined (Didié and Bauch, 2002;
Simstich et al., 2004; Mazzini, 2005).

Stable carbon isotope values of microfossil shells reflect the carbon isotopic composition
of the dissolved inorganic carbon (DIC) pool in seafloor seawater or the upper-most sediment
pore water in which the organism lives and calcifies its shell (e.g. von Grafenstein et al, 1999). In
addition to specific bottom water 6'*C microhabitats where the organism lives, microfossil §'°C
may also be affected by its food sources and species-specific vital effects during shell
calcification processes (Xia et al., 1997a, b; von Grafenstein et al., 1999; e.g. foraminifera:
Wefer and Berger, 1991; Rohling and Cooke, 1999; Mackensen et al., 2000). Interpretations of
813C shell values are challenging. The §'C of dissolved inorganic carbon of phytodetritus on the
seafloor has varying carbon signatures depending on the kinds of organic matter (marine- or
terrestrial-derived) that settles out to the benthos and the amount of photosynthesis or microbial
respiration and decomposition that took place. Also, living closer to shore with greater inputs of
terrestrial material would tend to create a microhabitat with greater proportions of isotopically
light carbon relative to marine organic carbon (Grebmeier and McRoy, 1989). This is consistent
with the findings of Simstich et al. (2004) who found §'*C values in ostracode calcite increased
with depth and distance from the Ob and Yenisei river mouths.

Limited investigations of marine ostracode stable isotope chemistry underscore the need
for additional study. An improved understanding of ostracode biology, ecology, and controls on

1sotopic shell composition facilitate interpretations of isotopic data to supplement downcore



paleoenvironmental reconstructions. These are topics that I explore further in subsequent

chapters of this dissertation.

1.4 Study motivation.: Recent physical and biological changes in the Pacific Arctic

During the last half century, the Arctic region has changed in ways and at a pace not previously
seen in recorded data (Overland et al., 2018). This includes the focus region of my dissertation:
the continental shelves of the Pacific-Arctic, specifically the northern Bering, Chukchi, and
Beaufort Seas. Here, freshwater fluxes, ocean and air temperatures have increased (Woodgate,
2018; Danielson et al., 2020) while sea-ice extent, concentration and persistence have decreased
(Jeffries et al., 2013; Overland et al. 2013; Strove et al., 2012, 2014; Frey et al., 2017). Since
1979, the open-water period in Chukchi Sea has increased 80 days (Serreze et al., 2016). Earlier
spring sea ice retreat and later fall sea ice formation alters the timing of primary production and,
in turn, the export of organic matter that settles to feed benthic organisms (Ji et al. 2013;
Grebmeier et al., 2015a; Frey et al, 2017). Changes in ice also soften the arctic—subarctic ecotone
boundary (Mueter and Litzow, 2008), which is allowing some cold temperate and boreal species
to expand their ranges further north (Stevenson and Lauth, 2019). These physical and chemical
changes create biological and ecological consequences in carbon cycling and food web dynamics
that drive changes in abundance, composition and distribution of biological communities
(Huntington et al., 2020; Mueter et al., 2021). Shifts in species distribution patterns, biomass,
productivity and new species are already being documented (Wassmann et al., 2011; Arrigo et
al., 2008, 2011; Bluhm et al., 2011; Grebmeier, 2012; Grebmeier et al., 2006, 2010, 2018;

Goethel et al., 2019; Iken et al, 2013; Post et al., 2013). Recent rapid changes in the Pacific-



Arctic ecosystem also motivate the need to better understand past natural variability with respect

to current anthropogenic changes.

1.5 Environmental data collection in the Pacific Arctic

During the 1960s, 1970s and early 1980s, researchers from the U.S. Geological Survey (USGS)
Coastal and Marine Geology Program were actively surveying the Pacific Arctic during
environmental studies and for mineral, oil and gas resources. During these expeditions, short
cores and surface grabs were collected. Following this, a series of coordinated research
programs, including SBI (Shelf-Basin Interactions, 1998-2008), RUSALCA (Russian American
Long-Term Census of the Arctic, 2004—2014), the Bering Sea Program (2007-2012) sampled the
northern Bering and/or the Chukchi Seas to track biological response to sea ice loss and
associated environmental changes. Most recently, the Distributed Biological Observatory (DBO;
2010-present; Fig. 1.1) has been designed as an ecosystem observation and change detection
array, with sampling stations in the Northern Bering, Chukchi, and Beaufort Seas that integrate
biological measurements at multiple trophic levels with physical oceanographic sampling from
ships, satellites and moorings (Moore and Grebmeier, 2018). This dissertation utilizes
hydrographic and sediment data collected from these programs and other sampling efforts in the
region. Ostracode assemblages from many of these collections are compiled in the Arctic

Ostracode Database (Cronin et al., 2021).



1.6 The Arctic Ostracode Database

Cronin et al. (1991) compiled a comprehensive Arctic Ostracode Database (AOD) on extant
species of Arctic and subarctic ostracodes. It was updated by Cronin et al. (2010), Gemery et al.
(2015) and further expanded by Cronin, myself and colleagues (2021) to include new samples
collected during 2014-2018 from Bering, Chukchi, and Beaufort Sea expeditions, several in
which I participated. As part of my dissertation study, Cronin and I supplemented this database
to apply it to investigations in Chapter 2. It is a vital tool to evaluate how recent large-scale
environmental change is affecting the Arctic and subarctic benthic ecosystems via ostracode
proxies. The AOD provides census data for 96 species of marine Ostracoda from ~1600 modern
surface sediments from the Arctic Ocean and subarctic seas. It is an open-sourced file available
at NOAA'’s National Centers for Environmental Information (NCEI) World Data Service for
Paleoclimatology (https://www.ncdc.noaa.gov/paleo/study/32312), and includes latitude,
longitude, water depth, bottom water temperature and collection year for most samples.
Specifically, this database provides:

. Baseline benthic ostracode data for comparative future faunal surveys and past
paleoecological studies of fossil assemblages from sediment cores;

. Hypotheses testing about the extent to which ongoing ecosystem changes in the Arctic
and subarctic can be attributed to anthropogenic climate change;

. Understanding of how ostracodes, at the base of the food web, change in response to
climate related changes, such as increases or decreases in surface productivity/sea-ice dynamics,

temperature, salinity, and other factors.



1.7 Dissertation objectives and outline

Over geologic time, and particularly during the last few decades, the Arctic Ocean has
experienced significant environmental change. A record of these changes is preserved at least in
part by microorganisms, such as ostracodes, which are fossilized in marine sediments. The
overall objective of my dissertation is to utilize benthic marine ostracode assemblages and
isotope geochemistry of their shells from sediments of the Bering, Chukchi, and Beaufort (BCB)
Seas as proxies to evaluate oceanographic change during the last 40 years and during the late

Holocene from a sediment core record.

Chapter 2 (Gemery et al., 2021a) examines the distributions of ostracode species from surface
sediment samples from the BCB Seas collected between 1970 and 2018 to assess how
environmental variables and changes in those variables affect benthic meiofauna. Very few
observational biogeographical and time-series studies have been conducted on benthic marine
ostracodes in the Pacific-Arctic, and this study complements one other study in this region
(Gemery et al., 2013). Statistical analyses and environmental time-series data (e.g. temperature,
salinity, primary production indicators, and sediment grain size) are applied to identify factors
related to ostracode species assemblage composition and to establish and/or further refine
specific ecological preferences of dominant indicator taxa.

The goals of this chapter are to:

= Identify biogeographic-scale ostracode patterns in the BCB Seas 1970-2018;

= Establish the primary environmental factors related to ostracode biofacies, especially

among dominant and “indicator” species;

= Establish species to be used for future biomonitoring;
9



= Evaluate if recent anthropogenic changes have affected ostracode species distributions,

e.g. species’ migration from the North Pacific through the Bering Strait.

Chapter 3 (Gemery et al., 2021b) is a calibration study of the stable oxygen isotope compositions
of carbonates in ostracode shells (3'0) in relation to the §'%0 values of ambient seawater from
the northern Bering and Chukchi Seas. Specifically, this study compares the §'%0 values of water
with the 8'0 values of ostracode shells from surface sediments collected in recent years from a
range of water temperatures to infer water mass properties. Species analyzed include
Sarsicytheridea bradii, Paracyprideis pseudopunctillata, Normanicythere leioderma and
Heterocyprideis fascis and Heterocyprideis sorbyana. This study determines baseline '30
values for the investigated taxa and their species-specific vital offsets. It also answers the
following questions:

= Using regression analyses, what factors most control the 3'30,« values of the species?

= What is the variability of 8'80o values from the same species within the same sediment

sample?
= Is ostracode species’ 3'%0 a recorder of water mass properties on the Pacific-Arctic

continental shelf? If so, which species are most reliable?

Chapter 4 (Gemery et al., 2022, submitted to Micropaleontology) uses the ecological and
1sotopic insights gained from Chapters 2 and 3 and applies them to support paleoceanographic
interpretations from proxies preserved in a sediment core record from the Beaufort Sea.
Specifically, this study uses ostracode and foraminifera assemblages, shell isotope (3'30 and
8'3C) data and sediment biogenic silica to reconstruct 2,000 years of paleoceanography on the

10



Mackenzie Shelf and establish a baseline for pre-anthropogenic ocean variability. In order to
contextualize recent Arctic change and to distinguish human from natural ecosystem-ocean
variability, longer-term data are needed to extend instrumental and observational records. This
study compares pre- and post-anthropogenic ostracode and foraminifera taxa and their shell
stable carbon and oxygen isotope variability to answer the following questions:
= Have benthic ostracodes in the Beaufort Sea been affected by oceanographic changes in
the past and present?
= [s there evidence in the proxy data for changes in: Pacific current inflow, Atlantic water
(>200m) penetration onto shelf, sea ice, Beaufort Gyre strength, Mackenzie River inputs,

productivity (due to light, nutrient, ice changes)?

The overarching aim of this dissertation research is to improve the use of ostracodes as tools to

better understand the Arctic benthic ecosystem and its response to changing climate and

oceanographic conditions during the past 50 years and over longer timescales.
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Figure 1.1 Map of Distributed Biological Observatory (DBO) sampling transects indicated by the
red boxes (https://dbo.cbl.umces.edu). Many samples used in this study are derived from this
program.
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Chapter 2: Biogeography and Ecology of Ostracoda in the U.S.
northern Bering, Chukchi, and Beaufort Seas
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2.1 Abstract

Ostracoda (bivalved Crustacea) comprise a significant part of the benthic meiofauna in
the Pacific-Arctic region, including more than 50 species, many with identifiable ecological
tolerances. These species hold potential as useful indicators of past and future ecosystem
changes. In this study, we examined benthic ostracodes from nearly 300 surface sediment
samples, >34,000 specimens, from three regions -- the northern Bering, Chukchi, and Beaufort
Seas -- to establish species’ ecology and distribution. Samples were collected during various
sampling programs from 1970 through 2018 on the continental shelves at 20 to ~100m water
depth. Ordination analyses using species’ relative frequencies identified six species,
Normanicythere leioderma, Sarsicytheridea bradii, Paracyprideis pseudopunctillata,
Semicytherura complanata, Schizocythere ikeyai, and Munseyella mananensis, as having
diagnostic habitat ranges in bottom water temperatures, salinities, sediment substrates and/or
food sources. Species relative abundances and distributions can be used to infer past bottom
environmental conditions in sediment archives for paleo-reconstructions and to characterize
potential changes in Pacific-Arctic ecosystems in future sampling studies. Statistical analyses
further showed ostracode assemblages grouped by the summer water masses influencing the

area. Offshore-to-nearshore transects of samples across different water masses showed that

13



complex water mass characteristics, such as bottom temperature, productivity, as well as
sediment texture, influenced the relative frequencies of ostracode species over small spatial
scales. On the larger biogeographic scale, synoptic ordination analyses showed dominant
species—N. leioderma (Bering Sea), P. pseudopunctillata (offshore Chukchi and Beaufort Seas),
and S. bradii (all regions)—remained fairly constant over recent decades. However, during 2013-
2018, northern Pacific species M. mananensis and S. ikeyai increased in abundance by small but
significant proportions in the Chukchi Sea region compared to earlier years. It is yet unclear if
these assemblage changes signify a meiofaunal response to changing water mass properties and
if this trend will continue in the future. Our new ecological data on ostracode species and

biogeography suggest these hypotheses can be tested with future benthic monitoring efforts.

2.2 Introduction

Biological systems of the Pacific-influenced Arctic Ocean are currently undergoing rapid
climate-related transformations (e.g. Huntington et al., 2020; Grebmeier et al. 2006; Grebmeier,
2012; Wassmann et al., 2011). This is attributed to ocean warming in the North Pacific, Bering, and
Chukchi Seas (Wood et al., 2015a; Woodgate, 2018), which is accelerating sea-ice loss and
extending the open water season (Frey et al., 2015; Serreze et al., 2016). Changes in sea-ice cover
further alter stratification, hydrography, and circulation patterns, all of which influence primary
productivity (Stabeno et al., 2017; Lewis et al., 2020; Hill et al., 2018; Arrigo and van Dijken,
2015) and trophic relationships (Nelson et al., 2014; Stabeno et al., 2019). The quality, quantity,
and timing of production reaching the sea floor ultimately affects benthic marine species
abundance, distribution, and food web dynamics (Grebmeier, 2012; Grebmeier et al., 2006, 2015a,

2018). In this study, we examine a component of the benthic ecosystem: meiobenthic ostracodes
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and the primary factors that influence their ecology and biogeography in response to changing
conditions in the Bering, Chukchi, and Beaufort Seas.

This study has three primary objectives. The first is to examine large-scale biogeographic
ostracode patterns and species diversity in the BCB Seas. The second objective is to identify
primary environmental factors related to ostracode faunal distributions, particularly among
dominant and diagnostic species. For this, we used ordination analyses of a series of nearshore-to-
offshore transects (primarily the DBO lines) to spatially assess species abundance patterns across
different water masses. Lastly, we use distribution and abundance patterns of dominant and/or
ecologically significant taxa as proxies for species response to environmental changes and consider

whether recent temperature, sea ice, and productivity changes are affecting ostracode distributions.

2.2.1 Ostracodes as indicators of environmental change

Ostracodes are a bivalved group of Crustacea, ranging in size from ~0.5 to 2.0 mm, that
secrete a calcareous (CaCO3) shell commonly preserved in sediments. Because individual marine
ostracode species have ecological limits controlled by temperature, salinity, oxygen, sea ice,
food, and other habitat-related factors, they are useful ecologic indicators (e.g. Ikeya and Cronin,
1993; Frenzel and Boomer, 2005; Stepanova et al., 2003, 2007; Horne et al., 2012). Ostracodes
provide ways to evaluate the effects of changing environmental conditions in different types of
areas/ecotones and through geologic time. In addition to distinct species’ ecology, their small
size, abundant fossil record, limited stratigraphic ranges, species-level identification, and shell
isotope geochemistry, ostracodes are multi-proxy tools for paleoecologic, paleoceanographic
reconstructions and biostratigraphy (e.g. Brouwers, 1992; Ikeya and Cronin, 1993; Stepanova et

al., 2007; Gemery et al., 2017).
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2.2.2 Controls on marine ecosystems and benthic ostracode species

The distribution of biological communities—from plankton and invertebrates to
epibenthic fish and sea birds—has largely been found to reflect the distribution of water masses
(Grebmeier et al., 2018; Sigler et al., 2017). While the temperature required for survival and
reproduction primarily controls the distribution of cryophilic ostracode species on large
biogeographic scales (Hazel, 1970; Hutchins, 1947), other local factors also influence species
spatial dynamics, such as depth, sediment properties, and primary productivity exported to the
benthos (Elofson, 1941; Ikeya and Cronin, 1993; Ozawa, 2003, 2004; Yasuhara et al., 2012).
Assemblage composition in any given area is constrained by a combination of these
environmental gradients. In addition to water mass properties, this study examines other
parameters that affect dominant and indicator ostracode species over south to north gradients
(Fig 2.1), as well as nearshore to offshore transects (Fig 2.2 and Fig 2.3), to better understand the

ecological preferences of important indicator species.

2.2.3 Environmental setting

The continental shelves in the northern BCB Seas include several water masses with
different origins that differ in properties, including temperature, salinity, nutrients (Coachman et
al., 1975). The Bering Sea is the major source of nutrients, heat, and freshwater flowing into the
Chukchi Sea through the Bering Strait (Woodgate, 2018), including three distinct summer water

masses: Anadyr Water, Alaska Coastal Water, and Bering Sea Water (Fig 2.2; Coachman et al.,
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1975; Weingartner et al., 2005, 2013). Anadyr Water (AW; —1.0°<T<1.5°, S232.5) is

relatively saline, cold, and nutrient-rich and flows along the Russian coast and the western side

of the northern Bering Sea. Alaska Coastal Water (ACW; 3°<T<9°, S<32) in summer

contains warmer and fresher water derived in part from Alaskan river runoff (Weingartner et al.,
2005). Bering Shelf Water (BSW; 0°<T<3.0°, 31.8<S<33) is an intermediate water type that is
lower in macro-nutrients but with higher salinity contributions from the Bering Slope Current
(Coachman et al., 1975). It runs northward and bifurcates at St. Lawrence Island to enter the
Bering Strait between the westerly AW and easterly ACW.

In summer, currents flowing though the Bering Strait drive oceanographic properties in
the Chukchi Sea, where water is made up of ACW and Bering Sea Water (BSW), which is a
combination of both Bering Shelf Water and AW (Weingartner et al, 2013; Woodgate et al.,
2005a&b). Bering Sea Water has a higher salinity and nutrient levels than ACW (Walsh et al.,
1989; Woodgate et al., 2005a). In the central Chukchi basin, BSW contains the highest primary
production and chlorophyll standing stock (Danielson et al., 2017). This water mass follows
bathymetric contours of the Chukchi Sea shelf, flowing northwest to Herald Canyon and
northeast across the mid-shelf Central Channel to flank Hanna Shoal to the northern tip of
Alaska (Barrow Canyon; Fig 2.2; Weingartner et al., 2013; Danielson et al., 2017). Year-round,
when the prevailing northeast winds are weak, outflowing water from the Chukchi Sea is
advected toward the eastern Canadian Basin along the Beaufort shelfbreak jet (Fig 2.2; Pickart et
al., 2009).

These seasonal ocean currents are key in transporting nutrients and phytodetritus into the
western Arctic Ocean and maintaining high productivity and biomass (Grebmeier et al., 2015a).
In winter and early spring, the shelf areas are uniformly comprised of cold Winter Water (WW;
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T<-1.0°, S>31.5; Gong and Pickart, 2015; Danielson et al., 2020). In summer and fall, WW

remains present in the bottom waters of the northern Chukchi Sea (Danielson et al., 2020).

2.3 Materials and Methods

2.3.1 Sample collection and processing

The AOD-2020 compiles ostracode census data collected from circum-Arctic and
subarctic sites between 1970 to 2018 from a number of programs and expeditions. Geographical
coordinates, depth, temperature, salinity, and original source methodology for all samples in the
database are based on original published studies. Most samples were obtained from the
uppermost 0-2 cm of surface sediments. For collections during 2009-2018, including the
Distributed Biological Observatory (DBO) program, surface sediments were taken from the tops
of multicores or Van Veen grabs prior to opening. Most sampling occurred during the months of
June, July, August, or September. Corresponding bottom water temperature and salinity were
collected at the time of sampling or if shipboard expedition data were not available, as was the
case for some older Beaufort Sea samples from the 1970s and 1980s, measurements were
derived from World Ocean Atlas 2001 (Stephens et al., 2002; Boyer et al., 2002) and World
Ocean Database 2013 (Boyer et al. 2013; as cited in Cronin et al., 2021). Salinity is given
without units using the Practical Salinity Scale (Millero, 1993).

Sediments ranging in wet weight from 20 to 150g were washed with tap water though a
63um sieve, oven-dried in paper filters at 40-50°C, and then dry sieved over a mesh-size of
>125um. In most cases, all ostracode specimens present in a sample were picked. Living and dead

specimens were counted together; however, the majority of samples contained well-preserved shells
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and carapaces with chitinous appendages that indicated specimens were alive at or near the time of
collection. The number of specimens refers to valves and articulated carapaces each counted as one

specimen (Cronin et al., 1991).

2.3.2 Surface sediment characteristics

Because sediment composition and organic carbon content impact benthic faunal biofacies
in the Pacific-Arctic (Grebmeier 2012; Grebmeier et al., 2015b), we used ancillary, corresponding
surface sediment data, where available, to help characterize benthic ostracode habitat in the
northern Bering and Chukchi Seas. Surface sediment total organic carbon (TOC), total organic
nitrogen (TON), carbon to nitrogen ratios (C/N), sediment chlorophyll-a (sedchla, as a function of
newly settled organic matter), and sediment grain size (0-4 phi = coarse pebbles to sands, >5 phi =
fine silts and clay) used in this study have been previously reported (see Cooper et al., 2002, 2015;
Cooper and Grebmeier, 2018 and methodology therein) and are available in public data archives

(PacMARS EOL data portal, http://pacmars.eol.ucar.edu/, Grebmeier and Cooper, 2014b, 2016; and

Arctic Data Center, https://arcticdata.io/).

2.3.3 Statistical analyses

Multivariate statistical analyses were carried out using the Paleontological Statistics
(PAST) software package, version 3.24 (Hammer et al., 2001). Relative frequencies (percent
abundance of total assemblage) were calculated for each ostracode species. Species relative
abundance data are expressed as a percentage of an individual species relative to the total
number of individuals in a sample. Our studies focused on ostracode samples yielding more than

30 total specimens. Both species (R-mode) and samples (Q-mode) were grouped by several
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different correspondence analyses. A principal component analysis (PCA) was used to group
ostracode species by their similarities/differences in dominance based on samples designated by
ecoregions. A detrended correspondence analysis (DCA) described relationships between
ostracode assemblage structure and geographic DBO/other ecoregions. A canonical
correspondence analysis (CCA) was used to explore multivariate relationships between the most
common ostracode species and their associations with major environmental variables, and
sample locations were color-coded by ecoregion. The benthic environment at each station in the
northern Bering and Chukchi Seas was characterized by eight variables that could affect
ostracode habitat and survival: bottom water temperature; bottom salinity; grain sizes 0-4 phi;
grain size >5 phi; sediment chlorophyll-a; TOC; TON; C/N ratios. The Shannon Weaver “H”
Index was used to measure ostracode diversity (Shannon and Weaver, 1949). The values of “H”
typically range from 0.0 to 5.0, and increases with increases in both richness (or the number of
different species) and evenness (how close in abundance each species is in an environment). In
general, values above 3.0 suggest a habitat structure that stable and balanced. Values less than

1.0 indicate a more challenging or impoverished habitat for survival and reproduction.

2.4 Results

Benthic ostracodes were abundant and diverse at continental shelf depths (20-~100m
water depth) in Pacific Arctic surface sediments analyzed (ranging from 30 to 562
specimens/sample; Fig 2.1, Table 2.1). A total of 47 ostracode species and five genera were
identified in 289 samples (34,369 total specimens) collected from 1970-2018 in the BCB Seas
(Table 2.2). Ostracode species identified represent a mixture of Arctic, subarctic, and cold-

temperate taxa. At the sampling sites, summer bottom water temperatures were highly variable,
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ranging from 12°C off Nome to 6-9°C near the Alaskan coast to <0°C in Bering and Chukchi
Sea middle shelf areas (Fig 2.4a-e). More specifically, ecoregion comparisons of summer near-
seafloor temperatures from conductivity-temperature-depth (CTD) measurements show the
northern Bering Sea, southwest of St. Lawrence Island (Fig 2.4a, in year 2018), the Chirikov
Basin (Fig 2.4b, red dots = DBO2 eastern-most samples off Alaska) and nearshore regions in the
southeastern Chukchi Sea (Fig 2.4c, red dots = DBO3-1 eastern samples off Pt. Hope) recently
warmed by 2-4°C above historical temperatures. Summer bottom water temperatures at sample
locations in Anadyr Water in the northern Bering Sea (Fig 2.4b, blue diamonds) and those more
centrally located in Chukchi Sea ecoregions (Fig. 2.4c, orange squares =DBO3-8 and Fig 2.4d,
navy squares = DBO5-10) have not yet manifested a sustained warming trend (Grebmeier et al,
2018). The Chukchi Ecosystem Observatory (CEO) mooring, located 70 miles offshore in
northeast Chukchi Sea near Hanna Shoal, (71.6 °N and 161.5 °W) rarely recorded near-seafloor
temperatures above 0°C prior to 2016. That year and each following year it recorded several
months with temperatures exceeding 0°C, which lasted up to four months in 2018 (Huntington et
al., 2020). Bottom water temperatures representing a similar but wider geographic area in 2015
and 2017 corroborate this finding (Fig 2.4¢).

Salinity was relatively uniform across the sampling locations in that marine conditions
prevailed and averaged 32 £2. In the Alaskan Beaufort Sea (20-90m water depth), summer
temperatures across all years of sampling averaged 0°C +1°C, and salinity averaged 31+1. Coarser,
sandy sediments that occur in the hydrodynamically active nearshore areas did not cause lower
ostracode abundances, as might have been expected (Kornicker, 1959; Kornicker and Wise, 1960).

Diversity “H” in the Chukchi Sea ranged from 1.8 to a little more than 2 during most sample

years. Samples averaged 12 (+4) different species. The Beaufort Sea samples had comparable
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diversity values of 1.8, which was consistent in years 1970-2018 where sampling occurred, and 11
(£3) distinct species per sample. Ostracode diversity in the northern Bering Sea was the lowest
compared to these regions, and averaged 1.1-1.2 during the period 2009-2018 with an average of 6

(£2) species per sample.

2.4.1 Large-scale biogeography of ostracodes in the Bering, Chukchi, Beaufort Seas

Three dominant species in BCB Seas region accounted for 20% to 50% of the total
population in the study area: Normanicythere leioderma, Sarsicytheridea bradii, and Paracyprideis
pseudopunctillata (Fig 2.5). Each of these species clearly groups with sampling regions designated
by DBO ecoregions (noted by symbol on legend) in separate quadrants of the PCA (Fig 2.5). In
some samples along the DBO3 and central Chukchi Sea (Ledyard Bay) transects (indicated by
orange squares on the PCA), N. leioderma and S. bradii were co-dominant. Otherwise, all three taxa
showed distinct spatial distribution patterns related to the path of the primary summer bottom water
masses (and its respective properties) in the surveyed regions. Other ostracode species (labeled in
blue around the center axes on the PCA) are secondary components in assemblages.

A DCA (Fig 2.6a) grouped ostracode samples in four distinct geographical groups (Table
2.3). These ostracode biofacies are associated with specific bottom water masses, sediment
substrates and/or food sources: Group 1 is a subarctic assemblage dominated by N. leioderma in
the vicinity of the St. Lawrence Island polynya and the western Chirikov Basin at DBO2 that is
influenced in summer by Anadyr Water. Group 2 is an Arctic-subarctic assemblage dominated
by S. bradii and N. leioderma found in the eastern Chirikov Basin of DBO2 and nearshore areas
in the southeast Chukchi Sea. Group 2 and Group 3 is bridged by S. bradii. In sediments further

offshore in the central and middle shelf areas, P. pseudopunctillata was the most abundant
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species in Group 3, influenced by the BSW of the northeast Chukchi Sea. This offshore sample
group includes sediments of Hanna Shoal, which is characterized by stable, cold bottom water
temperatures and higher salinity from brine rejection, with WW present in bottom waters year-
round (Danielson et al., 2020). Group 4 are the Beaufort Sea samples where influences by river
influx and sea ice are strong, and ostracodes are dominated by P. pseudopunctillata and H.
sorbyana.

Environmental factors influencing 14 of the most abundant ostracode species in the northern
Bering and Chukchi Seas were examined by CCA (Fig 2.6b) and indicate that variables other than
temperature and salinity water mass characteristics influence species distribution patterns. The
environmental variables best correlated to ostracode assemblage structure at nearshore stations in
the Chukchi Sea (orange squares in Figure 2.6b, i.e. DBO3-1 to 3-4, Ledyard Bay, and blue
triangles at DBOS5-1 to 5-3) are coarse, sandy sediments (0-4phi) and increased temperatures of
ACW. The species most associated with these characteristics include Schizocythere ikeyai,
Munseyella mananensis, Semicytherura mainensis, and Elofsonella concinna. In addition, N.
leioderma and S. bradii are associated with these regions where sediments have sandy-pebbly
textures and also at some locations with high sediment chlorophyll-a in the northern Bering Sea,
both south of St. Lawrence Island and in the Chirikov Basin. In samples located in the offshore
northern Chukchi Sea and Hanna Shoal region (red inverted triangles and red circles respectively in
Fig 2.6b), sustained cold temperatures (<0°C), high salinity from brine rejection during ice
formation, and finer grained sediments best align to ostracode assemblage structure and the
dominant species, P. pseudopunctillata, Jonesia acuminata, Acanthocythereis dunelmensis,

Robertsonites tuberculatus, Kotoracythere arctoborealis, and Heterocyprideis fascis.
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The CCA yielded four axes that explained 84.4% of the variance in the relationships
between ostracode assemblage structure and environmental properties. The first two axes alone
explained about 52% of the variance in the data. The CCA affirms that in the northern Bering and
Chukchi Sea region, continental shelf ostracode taxa are more correlated to variables associated
with distance from shore and water mass than to latitude (60-71°N). These factors include sediment
substrate and food type or availability which link certain species to specific environments.

Based on ordination and multivariate results of ostracode species in the study region (Figs
2.5 and 2.6b), we consider six species, N. leioderma, S. bradii, P. pseudopunctillata, S. complanata,
S. ikeyai, and M. mananensis, to be most diagnostic of specific ranges in bottom water

temperatures, salinities, sediment substrates and/or food sources (Figs 2.5 and 2.6a&b).

2.4.2 Ecoregions and transects: ecological-scale ostracode assemblages

We also incorporated DBO transect lines (Figs 2.2 and 2.3) in each ecoregion (Table 2.1)
into our analysis of ecological preferences of dominant and ecologically significant species.
Ecoregion-scale plots of species abundances across seven transects over multiple sampling years
help illustrate the regional variation of ostracode biofacies and their spatial composition from
nearshore to offshore (Figs 2.7-2.13). Ecoregion DBO-2 in the Chirikov Basin of the northern
Bering Sea (Fig 2.7) shows a sharp faunal boundary between N. leioderma overlain by Anadyr
Water on the western side of the Basin and S. bradii in Bering Shelf Water on the eastern side.
The southeast DBO-3 ecoregion is dominated by N. leioderma, S. bradii and S. ikeyai in ACW.
In samples directly north of the Bering Strait in BSW, S. complanata increases in proportion

among these species (Fig 2.8). More complex onshore-to-offshore assemblage changes are
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reflected in the Ledyard Bay and Icy Cape transects (Figs. 2.9 and 2.10) from 2018, both in the
Chukchi Sea. Ledyard Bay and Ice Cape also show clear onshore-to-offshore changes in
dominant species. With the exception of a few samples, the Hanna Shoal in the northeast
Chukchi Sea ecoregion (Fig 2.11) is dominated by P. pseudopunctillata and Group 3 species
(Table 2.3). The Barrow Canyon transect (Fig 2.12) shows perhaps the most complex faunal
patterns reflecting the temporally and spatially complex and variable ocean water masses and
depth changes in the Canyon. The Beaufort Sea west-to-east transect (Fig 2.13, sample locations
on Fig 2.4 map) shows fairly consistent dominance of H. sorbyana, P. pseudopunctillata, S.
bradii and recent contributions from N. leioderma, which is in sharp contrast to its abundant
presence in samples of the western Chirikov Basin and southernmost Chukchi Sea.
Biogeographic patterns of these species are further discussed below in the “Ecological transects”

2.5.2 section.

2.4.3 Time-series analysis

Two time periods (1970-2012 and 2013-2018) were assessed by PCA to evaluate possible
temporal changes in ostracode assemblages (Fig 2.14). These groupings were chosen based on the
documentation of accelerated environmental changes (Huntington et al., 2020; Grebmeier et al.,
2018) during the latter years, including sea ice duration (Frey et al., 2015), ocean temperature and
oceanography (Danielson et al., 2020; Woodgate et al., 2018) and primary productivity (Frey et al.,
2020). We did not find that the three most dominant species, N. leioderma (Bering Sea), P.
pseudopunctillata (offshore Chukchi and Beaufort Seas) and S. bradii (all regions), changed in

relative abundance. For the more recent 2013-2018 period, northern Pacific species Munseyella
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mananensis and Schizocythere ikeyai exhibited small but ecologically significant increases in
abundance (~2%) and frequency in the Chukchi Sea region. Based on this evidence, we examined
times series of relative frequencies of these five species, N. leioderma, S. bradii, P.
pseudopunctillata, S. ikeyai and M. mananensis (Fig 2.15). The goal was to augment the synoptic
time slice analyses to determine if the sampling was complete enough to detect decadal trends from
interannual variability. The time series was limited to the last 18 years in Chukchi Sea (2000-2018)

because too few repeat observations at similar locations to assess benthic change regionally.

2.5 Discussion

2.5.1 Distribution and ecology of dominant and indicator taxa

Normanicythere leioderma and S. bradii are ubiquitous in this region, with very broad
environmental tolerances. These species are adapted to the large seasonal variations of the inner and
middle continental shelf. S. bradii is a wide-ranging, cold temperate to frigid species with
temperature tolerances of -1.7 to 18°C (Hazel, 1970), but it demonstrates a preference for mid-shelf
depths in temperatures colder than 4.5°C and typical Arctic marine salinities on continental shelves
(31-33 1s typical; Gemery et al., 2015; S2.1 a&b Fig). Likewise, N. leioderma has wide temperature
tolerances (-1.7 to 19°C; Hazel, 1970) in typical Arctic shelf salinity. As a dominant species in the
northern Bering Sea (Gemery et al., 2013), its distribution is circum-Arctic, including the Chukchi,
Beaufort, and Eastern Siberian Seas (Gemery et al., 2015), but is very rare in the Kara Sea and
absent in the Laptev Sea (Stepanova et al., 2007). Paracyprideis pseudopunctillata is a cryophilic,
littoral-sublittoral species (1-50m) with a southerly range limit of ~63°N latitude, tolerant of

salinities as low as 5-10 (Hazel, 1970; Neale and Howe, 1975; Stepanova et al., 2003, Stepanova,
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2006). Semicytherura complanata is adapted to the coldest conditions on continental shelves,
including where polynyas form during winter (Stepanova, 2006). An analysis of this species in
AOD-2020 reveals that its distribution is tied to near-freezing water temperatures <0°C in
sublittoral depths, even though it can withstand higher seasonal temperatures.

These four species, which dominate the study area, are ideally adapted to bottom water
temperatures that normally range from —1.8°C to ~4°C across the area (S2.1 Table). This
temperature range coincides with the temperature window established for benthic macrofaunal
animals prevalent at hotspot areas of the Pacific Arctic (Grebmeier et al., 2015a, 2015b).

S. ikeyai and M. mananensis are members of genera endemic to the Pacific that have modern
distributions off eastern Japan and the Okhotsk Sea and are adapted to a wider range of summer
bottom water temperatures (0-20°C; Ozawa, 2004; Schornikov, 2001) than the species discussed
above. M. mananensis is also common to the cold temperate North Atlantic with bottom water
temperatures from 2° to 14°C and water depths from 24 to 261m (Hazel and Valentine, 1969).
Siddiqui and Grigg (1975) included this species in a list of sublittoral fauna from Halifax Harbour,
Nova Scotia. Using the AOD-2020 to assess the subarctic-Arctic distribution of these species in
samples with 10 or more specimens, M. mananensis is most commonly found in estuarine inlets,
with highest abundances (2-30%) in Hudson Bay, North Star Bay (Thule, Greenland), Norton
Sound (Alaska) and Chaunskaya Gulf (Eastern Siberian Sea) in bottom water temperatures ranging
in summer from 0 to 7°C and salinities from 26 to 33. S. ikeyai is rare (one sample reported) in the
Beaufort Sea before 2018. It is recorded on the Chukchi Sea shelf in 8 samples (abundance of 2-
38%) before 2014 in summer bottom water temperatures from 0 °C to 6°C and salinities from 31 to
33. Single specimens occurred in three samples in the Alaskan Beaufort Sea from 1971 to 1982. In

the northern Bering Sea, S. ikeyai is rare (1.2% of the cumulative assemblage in samples collected
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during 2010-2018), and M. mananensis is extremely rare (<1% of assemblage). Increased frequency
of these species in the Arctic could reflect warming bottom water temperatures since these species
reach peak abundances in lower-latitude waters that generally remain above 0°C throughout most of
the year. Overall, the abundance and distribution of these six species can be used to infer benthic
environmental conditions and potential change in the Pacific Arctic in future studies and in
sediment archives for paleo-reconstructions.

While temperature of the bottom water mass is a dominant control on ostracode
distributions (Fig 2.6a), the CCA (Fig 2.6b) showed that some species are correlated to a particular
sediment texture, and type/availability of carbon food sources. For a few species, N. leioderma and
P. pseudopunctillata, these factors appear to drive their abundance, as supported by the transect
analyses (see “Ecoregion transects” Discussion). For example, in the northern Bering and Chukchi
Seas, N. leioderma more commonly inhabits coarse and pebbly sediments (0-4 phi) of faster
moving water, as does S. bradii, S. ikeyai, and M. mananensis (Fig 2.6b; S2.1c¢ Fig). Paracyprideis
pseudopunctillata is found in greater proportions in silty, fine-grained seafloor habitats (>5 phi) as
indicated by its low abundance in sediments of phi 0-4 (Fig 2.6b; S2.1c Fig). Semicytherura
complanata does not demonstrate a sediment preference (S2.1c Fig).

Availability of organic carbon is a top-level factor that drives species survival and
reproduction (Joy and Clark, 1977). N. leioderma is associated with areas of newly settled organic
material (i.e. higher quality carbon), as indicated by its relative abundance in areas of higher
sediment chlorophyll-a (>10mg/m?) and lower C/N ratios (<7; Fig 2.6b; S2.2a&b Fig). In contrast,
P. pseudopunctillata resides in areas with lower sediment chlorophyll-a and higher TOC (>0.5%;
indicating a greater amount of detritus in the surface sediments; Fig 2.6b; S2.2b Fig) and C/N

values (>7; indicating greater terrigenous inputs; Fig 2.6b; S2.2¢ Fig). This may indicate P.
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pseudopunctillata uses detritus or more refractory carbon sources for food. The widespread
abundance of S. bradii in areas of high- and low-quality carbon further supports its eurytopic
nature, and it demonstrates no clear carbon (food) preference (S2.2a&b&c Fig). Because S.
complanata, M. mananensis and S. ikeyai are secondary components in assemblages, their
proportions are lower and therefore their environmental preferences are more difficult to evaluate.
M. mananensis and S. ikeyai are present in sediments with higher C/N ratios, which corresponds to
their higher proportions at sampling stations nearer to shore in ACW, e.g. southern Chukchi Sea
stations DBO3-1 to DBO3-4 and northern Chukchi Sea stations DBOS5-1 to DBO5-3 (S2.2¢ Fig). In
these nearshore sediments, coarse grains and gravel may dominant, but there is fine sediment in
between the large grain size. This indicates variable settling rates over various seasons, providing
complexity to nearshore statistical findings. Additional sampling of these species and corresponding
sediments are required to better evaluate the role that sediment and organic carbon sources may

have on their abundance.

2.5.2 Ecoregion transects: spatial relationships among ostracode biofacies

Stack plots showing the primary species in sample assemblages in an ecoregion and/or
along a sampling transect (Figs. 2.7-2.13) provide insight into factors that control species
occurrence and frequency. Generally in the study area, bottom water temperature declines with
increasing latitude and distance from shore. Sediment composition also becomes finer-grained
(greater silt fraction) with increasing distance from shore (Feder et al., 1994; Grebmeier et al.,
2015a). Other properties, especially in the central and northeast Chukchi Sea, involve more
complex spatial patterns (Grebmeier et al., 2015b; Blanchard et al., 2013). Varying seafloor

bathymetry, sediment substrate, flux of organic carbon settling to the seafloor, and current
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velocities combine with water mass characteristics to create a complex habitat of varying ecological
gradients. These transects show the variability of species occupying a sampling area of 0.1m? at a
given location on the seafloor during a summer’s day collection. At DBO2-Chirikov Basin (Fig
2.7a), Ledyard Bay (Fig 2.9), Icy Cape (Fig 2.10) and DBOS5-Barrow Canyon (Fig 2.12) transects,
ostracode biofacies do not show a continuous composition but instead a faunal transition from
nearshore to offshore stations. The ecoregion plots show distinct abundance changes in indicator
species, which were sometimes acutely distinct, based on spatial environmental changes in water
mass, sediment properties and food type. These descriptions of ostracode faunal assemblages can

serve as a baseline to examine future meiofaunal changes in the BCB Seas.

2.5.2.1 Chirikov Basin — DBO?2

The DBO2 transect in the Chirikov Basin (Fig 2.7a) is an example of ostracode indicator
species clearly divided by water masses of differing productivity. Stations DBO2-1 and 2-4 are the
western-most locations, and are in the path of AW (Fig 2.2). Major differences between the water
masses include higher average values of sediment chlorophyll-a and salinity (Fig 2.7b) to the west
because the more eastern samples are underlain by BSW or a combination of ACW above and BSW
below. Integrated primary production estimates in the Chirikov Basin range from ~80 g C m™ yr'!
on the interior shelf to up to 480 ¢ C m? yr'! in AW (Hill et al., 2018). N. leioderma (red) is more
prevalent in AW. The eastern side of the Basin (stations DBO2-2 and 2-5) is dominated by S. bradii
(blue) and E. concinna (brown), with increasing numbers of S. ikeyai (light blue) in 2018 samples
that may reflect slightly higher average bottom water temperatures (nearly 2°C, Fig 2.4b). The
abrupt change in faunas from east to west related to water mass channels is very consistent on

interannual timescales at these sampling locations, with the exception of DBO2-4. Earlier samples
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from years 2001 and 2003 do not have N. /leioderma as the dominant fauna at DBO2-4, and samples
from years 2016 and 2018 do. We speculate that N. leioderma may have expanded its population
perhaps due to increasing carbon export to the benthos and/or changes in current flow that affected
sediment grain size. Since satellite monitoring began in 1979, the length of the ice-free season in
the Chirikov Basin has increased by ~25 days, stimulating greater primary productivity due to a
longer growing season (Brown and Arrigo, 2012; Brown et al., 2011). With N. leioderma as the
established dominant fauna in the northern Bering Sea around the St. Lawrence Island polynya
(Gemery et al., 2013), additional light and productivity may be factors that contribute to its
expansion. Another major feature of this area is strong currents that create coarse seafloor
sediments consisting of primarily (>75%) 0-4 phi-sized sand, which N. leioderma tavors.
Macrofaunal biomass associated with finer-grained sediments has significantly declined at sampling
station DBO2.4 from 1999-2015 (Grebmeier et al., 2018). At this site, N. leioderma comprised
>50% of the assemblage composition in 2018 and 2016 compared to <10% in 2001 and 2004 (Fig

2.7a).

2.5.2.2 Southeast Chukchi Sea — DBO3

At the nearest-to-shore stations, DBO3-1 to 3-4, the ostracode biofacies during 2014 to 2018
have been extremely consistent, not only in species present but species proportions as well (Fig
2.8). Species at DBO3-1 to 3-4 stations are in the path of ACW (temperatures 6°-10°C) that reach
to the seafloor (Wood et al., 2015b). Higher sediment grain sizes at these near shore stations are
consistent with the presence of the ACC. These nearshore stations experience great variability in
seasonal bottom water temperatures (~10°C) and are dominated by N. leioderma (35%) with

secondary taxa S. bradii (14%), S. ikeyai (13%), E. concinna (6%), M. mananensis (3%) and
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Finmarchinella spp. (5%). Paracyprideis pseudopunctillata is also present in many sample years in
low abundance (2%). H. sorbyana (3%), an extremely euryhaline species (Cronin, 1977; Neale and
Howe, 1975), appears only at nearest-to-shore DBO3-1 sites, and reflects the fresher water (average
31 salinity) of ACW. DBO3-1 to 3-4 are hotspots of ostracode abundance (samples averaged 235
specimens/sample) compared to sites further south or north. Despite high current velocities at these
near shore stations, as indicated by coarser sediment grain sizes (75% phi 0-4 [£9]), sediment
chlorophyll-a averaged 18 mg/m? (+11) at DBO3-1 to DBO3-5 sites from years 2014 to 2018,
which supported consistently high abundances of N. leioderma and other ostracode species.
Samples just north of the Bering Strait (denoted as “N of St” on Fig 2.12) and DBO3-5
are offshore in a different summer water mass than DBO3 sites closer to shore. This water mass
change is indicated by a different ostracode biofacies with fewer species overall and high
proportions of N. leioderma and Semicytherura spp., particularly S. complanata and S.
mainensis.
Ostracodes are rare or absent in sites further offshore (DBO3-6 to DBO3-8) in the path of
BSW as sediment composition shifts to finer-grained sediments (slower current speeds, ~50-93%
>5 phi) and higher TOC (>1%) values. This pattern is consistent over multiple years of sampling.
Benthic macrofaunal biomass is very high at these offshore sites, with abundant production settling

to the sediments (Grebmeier et al., 2015b).

2.5.2.3 Central Chukchi Sea — Ledyard Bay

While the ostracode biofacies at most sampling sites along the 2018 Ledyard Bay transect
are similar to those at DBO3 sites (except S. ikeyai 1s lacking at Ledyard Bay [2 individuals]), the

Central Channel bearing BSW north to the shelf break (Fig 2.2) cuts across this sampling transect
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and creates sediment grain size, production and temperature gradients between the sample locations
that drastically change ostracode assemblage composition. The station LB-5, in the path of ACW
proximal to shore, has coarse sediments (75% 0-4 phi), a summer bottom water temperature at the
time of sampling of 8.7°C, and 31 salinity. Subarctic species N. leioderma (20%), M. mananensis
(6%) and Semicytherura species (32%) occupied this site (Fig 2.9). At the next site, LB-7,
sediments change to finer silt (59% >5 phi) and P. pseudopunctillata becomes dominant with
Palmenella limicola and S. complanta. N. leioderma is absent. Further offshore there is a grain size
shift back to coarser sediments east of Herald Shoal (62% in the 0-4 phi category at LB-13, and of
that, 25% in the 0-2 phi category) where N. leioderma, S. bradii, M. mananensis and Kotoracythere
arctoborealis become predominant. In addition, the highest primary productivity rates in the
Chukchi Sea are consistently observed in the central part of the shelf along the dividing line
between the warm Alaskan Coastal Current to the east and in the colder nutrient-rich Bering shelf
waters to the west (Woodgate et al., 2015). N. leioderma’s increasing abundance at LB-11 and LB-
13 may reflect a fresh, more ample food source. TOC increases toward the offshore stations and
sediment chlorophyll-a, although seasonally and yearly highly variable is highest at LB-13 (20
mg/m?) as is N. leioderma’s (30%) abundance. Along the transect, temperature declined with
distance from the coast from 8.7°C at LB-5 to 2.4°C at LB-13, where N. leioderma, S. bradii, S.
complanata, M. mananensis and K. arctoborealis persist. This transect may be an example of how
subtle changes in bathymetry and current flow can result in changes in food availability and
sediment texture in very localized areas that affect the spatial distribution of benthic communities

(Blanchard et al., 2013) and, likewise, ostracode biofacies.
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2.5.2.4 Northeast Chukchi Sea — Icy Cape 2018

The 2018 Icy Cape transect shows the influence of bottom water mass and sediment texture
on assemblage composition. Bottom water temperature closest to shore at ICY2 was 1.4°C, but
more offshore stations were colder with temperatures of 0° to -1°C (Fig 2.10). In the northeast
Chukchi Sea, sea-ice coverage usually extends into the summer months (July- August), with areas
of localized persistence possible throughout the summer. Winter water was still present on the
seafloor during late summer sampling. Close to shore, grain size at ICY2 to ICY5 was coarse (45%
to 76% in phi 0-4 category), where S. bradii and S. complanata were predominant and P.
pseudopunctillata was absent. The presence of P. pseudopunctillata beginning at ICY6 and steadily
increasing to dominate (25% to 60%) the assemblages at ICY9, ICY 10 and ICY11 is indicative of a
seafloor sediment transition to very fine grains, ranging from 63% to 87% >5 phi. In addition to
suitable habitat, persistent cold temperature supports P. pseudopunctillata. Jonesia acuminata is
correlated to near-freezing temperatures and fine sediments (Gemery et al., 2013), and this species

has a small but notable presence at the ICY7 to ICY 11 stations.

2.5.2.5 Offshore Hanna Shoal, Northeast Chukchi Sea

Heterogeneous seafloor contours direct BSW with high nutrient concentrations to the Hanna
Shoal area (Weingartner et al., 2017b). It is a hotspot for benthic productivity that supports marine
mammals (Grebmeier et al., 2015a). The ostracode biofacies includes P. pseudopunctillata (37% of
assemblage) with secondary species S. complanata (14%), H. fascis (8%), R. tuberculatus (7%) and
C. cluthae (5%; Fig 2.11). It is very similar to the assemblage of offshore Icy Cape sites except this
biofacies includes greater proportions of A. dunelmensis (6%) and R. tuberculatus, and Argilloecia

sp. (4%), which are species associated with finer-grained sediments (Fig 2.6b). Normanicythere
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leioderma 1s rare (1%). Paracyprideis pseudopunctillata and H. fascis are euryhaline and can
tolerate fluctuating salinities. At the time of summer collection, the average salinity at sample
locations was 33, bottom temperature, -1.7°C and water depth, 51m. This area lacks any strong
gradient from currents, as sea ice tends to be trapped over Hanna Shoal, so dense bottom-confined
pools formed by winter water tend to stagnate (Martin and Drucker, 1997; Weingartner et al., 2005,
2013). Sustained cold temperatures, fine-grained sediments, and relatively higher salinities describe

this frigid-water assemblage.

2.5.2.6 Barrow Canyon/DBOS

Sampling stations on the DBOS transect have significant changes in depth, from ~50m at
DBO 5-1 and DBO5-2, ~90m at DBOS5-3 and deepening further to ~130m at DBOS5-5, ~120m at
DBOS5-6, ~90m at DBO5-7 and ascending to 60-70m depths at DBOS5-8 to DBO5-10 (Fig 2.2).
Although seasonally variable, the deeper locations had much higher sediment chlorophyll-a (18-26
mean mg/m?) values measured in summer, deposited by variable strong currents flowing through
the Canyon. N. leioderma increases in abundance at these sites, particularly DBO5-6 and 5-7
stations, which historically also have high TOC values (~2%; Fig 2.12). These offshore stations are
usually characterized by bottom water temperatures <0°C, however nearshore DBO5-1 and 5-2
sites have experienced summer warming in recent years with temperatures reaching 4-7°C (Fig
2.4d). Station DBO5-1 is influenced by ACW, which can reach the seafloor. These nearshore

stations are dominated by S. bradii and cold-temperate/subarctic taxa M. mananensis and S. ikeyai,

which decline in abundance moving seaward towards DBOS5-5. (Note: Sites DBO5-4 and 5-8 are
not represented due to low ostracode abundance of <30 specimens/sample.) At stations DBO5-6 to

5-10, seafloor sediments are extremely fine-grained silt, typically >90% S5phi. These sediments are
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the finest-grained of any ecoregion, and they are occupied by ostracode faunas that require this
habitat along with near-freezing temperatures, notably P. pseudopunctillata, S. complanata and C.
cluthae. At station DBOS5-9 there is a distinct faunal transition to these species. Cold (<0°C), dense
(~33-34 salinity) WW can remain at these stations during summer (Pickart et al., 2011).
Occasionally, warm (>-1.2°C), salty (>33.6) Atlantic water is upwelled into the Canyon and fills

the deepest part of the area (Pickart et al., 2019).

2.5.2.7 Alaskan Beaufort Sea

The Alaskan Beaufort continental shelf is a highly variable environment, influenced by
seasonal discharge from the Colville and Mackenzie rivers that supply fresh water and deposit
terrigenous material but lacks strong gradients within the examined narrow area of 20-90m water
depth (Fig 2.3; sample locations were limited to within 100 km of shore, and included intermittent
years between 1971 and 2018). Bottom water salinity at the sampling sites during the time of
collection averaged 31. In addition to river inflow, the Beaufort shelf also receives dense ‘‘winter-
transformed’’ Pacific water (Weingartner et al., 1998; Pickart, 2004) that drains off the Chukchi
shelf. This water enters the Beaufort Sea as a shelf-break current that turns eastward from Barrow
(Fig 2.2; Pickart et al., 2005). As an area that experiences dramatic seasonal fluctuations,
particularly in salinity, two species are overwhelmingly suited to these conditions: P.
pseudopunctillata and H. sorbyana, cryophilic taxa correlated with euryhaline conditions (Fig 2.13;
Stepanova et al., 2003, 2007). These two species are reported by Stepanova et al. (2003, 2007) as
adapted to the inner shelf, river-affected zone of the Kara and Laptev seas where salinities range
between 26 and 32. The eastern Alaskan Beaufort is influenced by the Mackenzie River, resulting

in finer sediment grain sizes and better sorting in that region (Naidu, 1974; Barnes et al.,1982),
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which correlates to greater abundance of P. pseudopunctillata. For 2018 PRW and PRB transect
samples (sites on Fig 2.3 map) that are most influenced by Colville River inflow, H. sorbyana is
more prevalent than P. pseudopunctillata. Secondary species in the Beaufort Sea assemblage
include S. bradii, S. punctillata, R. tuberculatus, H. fascis, and A. dunelmensis. S. complanata is
present in low (~2%) abundance in these Beaufort Sea assemblages.

Despite limited temporal data in this area, N. leioderma and S. bradii are more prevalent in
2018 samples than in samples collected in comparable locations during the 1970s and 1980s where
P. pseudopunctillata and H. sorbyana comprised the major proportion of the assemblage (S2.3 Fig).
This may be due to recent declines in ice persistence and increases in nearshore temperatures or
changes in sediment composition that may be incompatible with P. pseudopunctillata’s preferences
for near-freezing temperatures and finer grained sediments. However, sediment transport by ice
rafting can be significant on the shelf, and can carry gravel and sand particles from the coast onto
the shelf (Barnes et al., 1982). There are insufficient data available to determine if a change in
sediment grain size is a factor. The Beaufort shelf, while not as productive as the Chukchi Sea, can
have locally high primary production rates associated with the ice edge, reaching 200mg C m d-!
(Hill et al., 2018). The retreating sea-ice edge, in addition to upwelling, provides nutrients for
phytoplankton growth. The number and strength of upwelling events in the Alaskan Beaufort Sea
has increased over the past 25 years (Pickart et al., 2013a, 2013b). Greater fresh phytoplankton
production may be an explanation for the increasing appearance of N. leioderma in 2018 samples

(S2.3 Fig), but our new data must be considered cautiously given the single year of samples.
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2.5.3 Temporal trends in BCB Sea indicator species

Criteria used to assess whether environmental factors are driving changes in benthic
communities include the arrival of taxa characteristic of a temperate climate zone or shifting
dominance or abundance of taxa (Bluhm et al., 2017). Species can extend north and south (and east
to west) to the point where certain maximum or minimum tolerable temperatures are reached
(Hazel, 1970).

Due to temporal and spatial gaps in sampling, we could confidently evaluate temporal
changes only in the dominant species, N. leioderma, S. bradii and P. pseudopunctillata. Two PCA
comparisons by years (1970-2012 and 2013-2018) showed that the dominant species have remained
fairly consistent in the BCB Seas (Fig 2.14). Interannual abundances of the dominant species in the
Chukchi Sea from 2000-2018 did not reveal statistically significant changes, but two indicator
species, S. ikeyai and M. mananensis, show incipient increases (Fig 2.15).

Dispersal of meiofauna into new areas likely lags behind sediment and water column
changes. Benthic marine ostracodes are transported by ocean currents (Teeter, 1973).

Considering that the movement of Pacific water from the Aleutian Passes to Bering Strait takes
more than a year (Wood et al., 2015a) and an additional ~4 months to transit to Barrow Canyon
in the Chukchi Sea (Woodgate et al., 2005b), benthic meiofaunal migration from the north
Pacific to the Arctic could take a number of years. Over the shallow shelves of the northern
Bering and Chukchi Seas, seasonal ice coverage cools the entire water column to temperatures
below 0°C. These cold temperatures limit the northern distribution of subarctic populations of
groundfish (Mueter and Litzow, 2008) and may also serve as a barrier inhibiting the mixing of
Arctic and N. Pacific faunas through the Bering Strait (Joy and Clark, 1977). It is more likely

that cold temperate species already inhabiting restricted inner bay areas like Norton Sound and
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coastal polynyas along Alaska will increasingly be able to extend their range and abundance as

conditions become more suitable for them under changing climate scenarios.

2.6 Conclusions

We examined benthic ostracode assemblages collected during research cruises from 1970-
2018 in the northern Bering, Chukchi, and Alaskan Beaufort Seas. We focused on identifying
indicator species and their associated ecological preferences. In particular, ostracode abundance
and distribution were related to bottom temperature, salinity, organic carbon deposition (sedchla,
TOC, C/N), and sediment substrate.

The variability in ostracode assemblage composition throughout the BCB Seas was linked
qualitatively to localized (summer seasonal) environmental patterns. We found south-to-north
(Chirikov Basin to Northern Chukchi to Beaufort) changes in dominant ostracode species and
assemblage composition. Over the large biogeographic scale, four ostracode biofacies were
identified in the study area primarily tied to the transit of summer water masses. Distinct changes of
ostracode biofacies in nearshore to offshore transects were related to water mass properties likely in
combination with food sources and sediment substrate. This study is among the first to highlight
changes in ostracode abundance and species over small spatial scales in response to changes in
water mass properties and productivity.

Six indicator species were identified by correspondence and multivariate analyses based
upon their abundance and correlations with distinct ecological parameters by which they are
defined:

Normanicythere leioderma — opportunistic subarctic species correlated with ample, high-quality

production (exported phytoplankton) as food source; sandy to pebbly to gravelly sediments;
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Paracyprideis pseudopunctillata — euryhaline cryophilic species associated with WW presence and
sea ice, fine grained sediments, sustained frigid temperatures (<1°C), TOC with high phytodetritus;
Sarsicytheridea bradii — habitat generalist, eurytopic species that capitalizes in highly dynamic
environments, higher frequency in sandy sediments;

Semicytherura complanata — frigid temperatures (<1°C), normal marine salinity, no discernable

sediment preference;
Schizocythere ikeyai — cold-temperate species, warmer temperatures, ACW, sandy sediments;
Munseyella mananensis — cold-temperate species, warmer temperatures, ACW, sandy sediments.

This study found a consistent link between areas of high sediment chlorophyll, coarse
sediment grain size and the abundance of N. leioderma. Despite wide tolerances, it may be a
sensitive indicator of new production reaching the benthos and/or enhanced food supply. In future
paleoceanographic studies using fossil ostracode faunal assemblage data, N. leioderma may signal
the influence of nutrient-rich Pacific water flowing in through the Bering Strait and a food supply
consisting of newly settled phytoplankton. Paracyprideis pseudopunctillata is positively correlated
to very fine-grained sediment textures with high TOC values of refractory (detrital) organic carbon
food sources.

During the last decade, we document an incipient increase in two secondary cold-temperate
species, S. ikeyai and M. mananensis, that may be increasing. Preliminary interpretation of this
finding may reflect recent increases in coastal and mid-shelf bottom water temperatures and/or
carbon flux to the benthos.

Continued monitoring of temperature-sensitive ostracode species in the BCB Seas is
necessary to provide information on annual and decadal variability in species distributions. This

analysis of modern species ecology can help interpretation of ostracode faunal data from
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sediment cores in relation to past and future ocean changes. This study contributes new species
ecology and further validates the sensitivity and application of ostracode fauna as biomonitors
and proxies for specific environmental conditions. These results provide a baseline for assessing
the effects of future water mass changes and productivity on benthic ostracode communities in

the Pacific Arctic.
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Figures Chapter 2

Figure 2.1 Locations of samples used for the biogeographical study. (n=289 sediment aliquots
with >30 specimens per sediment sample, 34,369 total specimens, 1970-2018) The blue “DBO”
areas denote Distributed Biological Observatory stations. (Geographic coordinates are provided
in Table 2.1.) Note that some stations along established DBO transects are not represented due to
low or no ostracode abundance (i.e. DBO3-6 to 3-8 and DBO4). Smaller inset map shows
context of the study area. Figure made with GeoMapApp (www.geomapapp.org) / CC BY / CC
BY (Ryan et al., 2009).
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Figure 2.2 Location of sample sites in the northern Bering and Chukchi Seas used for ecoregion
transect (nearshore to offshore) study. (n=147 surface sediment aliquots with >30 specimens per
sediment sample, 19,300 total specimens, 1990-2018) Schematic of summertime surface current
flow patterns and water mass type that can affect seafloor conditions (Anadyr Water [AW],
Alaska Coastal Water [ACW], Bering Sea Water [BSW]; properties denoted in Table 2.3)
adapted from Danielson et al. (2017, 2020). Figure made with GeoMapApp
(www.geomapapp.org) / CC BY / CC BY (Ryan et al., 2009).
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Figure 2.3 Location of samples used in Beaufort Sea ecological transect study from years 1971-
2018 (n=55 surface sediment aliquots with >30 specimens per sediment sample, 20-100mwd,
6,617 total specimens). Figure made with GeoMapApp (www.geomapapp.org) / CC BY / CC
BY (Ryan et al., 2009).
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Figure 2.4 Summer bottom water temperature at ecoregions.

Comparison of summer bottom temperatures in studied ecoregions and months at stations nearest
to shore (e.g. DBO3-1, DBOS5-1) that are locations affected by Alaska Coastal Water, and more
central or middle-shelf stations (DBO3-5 or DBO5-10) that are affected by Bering Sea Water
(winter or summer variants). This subset of data was derived from the Pacific Marine Arctic
Regional Synthesis (PacMARS) Project (Grebmeier and Cooper, 2014a;
http://dx.doi.org/10.5065/D6VM49BM; Okkonen, 2013; https://data.eol.ucar.edu/dataset/10339)
and recent expedition data (2014-2018) taken aboard USCGS Healy and CCGS Sir Wilfrid
Laurier and archived at the National Science Foundation's Arctic Data Center.
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Figure 2.5 Principal correspondence analysis (PCA). PCA of ostracode assemblages in the northern
Bering, Chukchi, and Beaufort Sea region (locations on Fig 2.1; geographic coordinates in Table
2.1), with sites designated by DBO areas and other ecoregions (legend symbols) and major taxa
(green lines with species names labeled in blue). Three species dominate the assemblage groups: M.
leioderma, S. bradii, and P. pseudopunctillata. The proximity of the symbols in the plot reflects the
level of similarity in taxa present at each sampling station.
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Figure 2.6a Detrended correspondence analysis (DCA). DCA using the northern Bering,
Chukchi, and Beaufort Seas biogeographic dataset (1970-2018), describes relationships between
ostracode assemblage structure and geographic ecoregions in the region. Ostracode biofacies
differed among ecoregions within the study area (described in Table 2.3) and grouped primarily
on summer water mass characteristics (temperature and salinity).

Figure 2.6b Canonical correspondence analysis (CCA). CCA of ostracode assemblages in the
northern Bering-Chukchi Sea region, with sampling ecoregion sites (noted by symbol on legend),
major taxa (names are labeled in blue), and eight environmental parameters (green lines and
labels in black: temperature, salinity, sediment total organic carbon [TOC], sediment nitrogen
[TON], sediment chlorophyll-a [sedchla], phi >5 [fine silt], and phi 0-4 [gravel pebbles to
sands]). Samples in the Hanna Shoal region (red dots) were separated from the larger
northeastern Chukchi Sea sample set (inverted red triangle). Dataset includes the 14 most
abundant species in 153 surface sediment aliquots (23,939 total specimens) from the northern
Bering and Chukchi Seas during summers 1990-2018 for which sediment data was available.
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Figure 2.7a Primary species, DBO2 - Chirikov Basin. Stack plot of dominant species in DBO2-
Chirikov Basin region (Fig 2.2) in the northern Bering Sea (various years from 2001 to 2018;
n=15, 1,314 specimens with >30 specimens/sample). The 11 species presented in the stack plot
comprise 98% of the biofacies in this ecoregion. (Note the boundary between Anadyr water on
the western side of Chirikov Basin and Bering Sea Water on the eastern side is generalized in
this graphic.)

Figure 2.7b Summer bottom water salinity at western and eastern DBO2 - Chirikov Basin
sampling sites. Time series plot of summer bottom salinity at sampling stations on the western
and eastern side of the Chirikov Basin (Source: Grebmeier and Cooper, 2014a; Okkonen, 2013;
and recent expedition data (2014-2018) taken aboard USCGS Healy and CCGS Sir Wilfrid
Laurier archived at the Arctic Data Center)
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Figure 2.8 Primary species, DBO3 - Southern Chukchi Sea. Stack plot of the 12 most abundant
species and one genus (Semicytherura), comprising 92% of the ostracode assemblage, in DBO3
region (sites on Fig 2.2 map) from years ranging from 1998 to 2018, (n=32 samples with >30
specimens/sample, 7,514 total specimens).
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Figure 2.9 Primary species, Central Chukchi Sea — Ledyard Bay. Stack plot of the 12 most
abundant species and one genus (Semicytherura), comprising >90% of the ostracode assemblage
at the 2018 Ledyard Bay transect (sites on Fig 2.2 map), southeast Chukchi Sea, (n=5 surface
sediment samples, all with >50 specimens/sample, 558 total specimens).
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Figure 2.10 Primary species, Northeast Chukchi Sea - Icy Cape. Stack plot of the 9 most
abundant species comprising ~90% of the ostracode assemblage at the 2018 Icy Cape (ICY)
sampling transect (sites on Fig 2.2 map), northeast Chukchi Sea, (n=10 samples with >75
specimens/sample [except ICY?2 that contained 22 specimens], 1,554 total specimens). Species
not included on plot that each represent >1-2% of transect assemblage total include A.
dunelmensis, Argilloecia sp., and E. concinna.
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Figure 2.11 Primary species, Northeast Chukchi Sea — Hanna Shoal. Stack plot of the 11 most
abundant species and one genus (A4rgilloecia spp.) comprising ~96% of the ostracode
assemblage in the Hanna Shoal region offshore in the northeast Chukchi Sea (sites on Fig 2.2
map) from years 2012 to 2013, (n=21 surface sediment samples with >30 specimens/sample,
2,647 total specimens in an average water depth of 51m).
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Figure 2.12 Primary species, DBOS5 — Barrow Canyon. Stack plot of the 11 most abundant
species and one genus (Finmarchinella), comprising ~80% of the ostracode assemblage, in
DBOS5-Barrow Canyon region (sites on Fig 2.2 map) from years ranging from 2011 to 2018
(n=31 surface sediment samples with >30 specimens/sample, 2,951 total specimens). Other
faunas at stations 5-9 and 5-10 that account for the species not shown on the stack plot include A.
dunelmensis, J. acuminata and H. fascis, and R. tuberculatus.
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Figure 2.13 Primary species, Alaskan Beaufort Sea. Stack plot of the 12 most abundant species
comprising ~85% of the ostracode assemblage in a narrow band of the Alaskan Beaufort Sea
(sites on Fig. 2.4 map) within 100 km of shore at 20-90m water depth from years 1971 to 2018,
(n=55 surface sediment samples with >30 specimens/sample, 6,617 total specimens). Samples
collected in 2018 are highlighted in yellow. Other species not shown on the stack plot that
account for 1-2% of the assemblage include Rabilimis septentrionalis, Pteroloxa chaunensis, E.
concinna, and several Cytheropteron species. Important species in the Bering and Chukchi that
exhibited either very low abundance (<1%) or are absent in the Beaufort Sea at 20-90m water
depth are: S. ikeyai., M. mananensis, Finmarchinella spp., K. arctoborealis, H. clathrata, H.
emarginata, J. acuminata, S. affinis, S. mainensis, and S. undata.
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Figure 2.14 Principal correspondence analysis of ostracode assemblages by year groups. Synoptic
PCAs using the biogeographic dataset (samples located on Fig 2.1 map) from the BCB grouped by
the three regions and two collection periods, a.) 1970-2012 and b.) 2013-2018.
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Figure 2.15 Time series of key species in Chukchi Sea. a.) N. leioderma, b.) P. pseudopunctillata,

c.) S. bradii, d.) S. ikeyai, e.) M. mananensis
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Supplementary Figures Chapter 2

S2.1 Figure. a. Faunal abundance of selected taxa in relation to near-bottom temperature during
summer sediment collection in the northern Bering and Chukchi Seas (n=211, 26,170 total
specimens, 1990-2018, >30 specimens/sample).

b. Faunal abundance in relation to salinity.

c. Faunal abundance in relation to sediment type. Ostracode species abundance plotted against the
percent sediment modal grain size of phi 0-4, where 0 represents gravel and rocks, 1 = coarse sand,
2 = medium sand, 3-4 = finer sand. Phi >5 (not shown) represents the very fine silty mud and clay
sediment fraction typical of offshore or interior areas of the continental shelf.
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S2.2 Figure. Faunal abundance plotted against three different sources of sediment carbon, which
may suggest preferred food sources: a. sediment chlorophyll-a (sedchla), b. total organic carbon
(TOC) and c. carbon to nitrogen (C/N) ratios.
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S2.3 Figure. Principal correspondence analysis (PCA) of Alaskan Beaufort Sea ostracode

assemblages. Sample sites are designated by collection years (legend symbols) and major taxa
(green lines with species names labeled in blue).
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Tables Chapter 2

Table 2.1 Ecoregion names and respective bounding coordinates of sample groups and transects
investigated in this study.

DBO1 - oy
South DBO2 - Ledyard DBO5 -
and west | Chirikov | 2293 | gayup) | 9P | c.Ne- | Bamow | SHS-
. . Souther (Icy) Hanna | Alaskan
Ecoregion of St. Basin, transect Northeas | Canyon
n transect . Shoal, Beaufor
s Lawrenc | Norther . , t Chukchi ,
. Chukchi . ) Chukch | t Shelf
e Island, | n Bering Chukchi . Sea Chukch .
- Sea Chukchi . i Sea
Bering Sea Sea i Sea
Sea
Sea
Latitude °N 63.77 65.111 68.60 70.30 71.83 71.00 71.808 73.30 70.60
°S 61.84 64.482 66.752 69.50 70.72 69.00 71.111 71.37 71.70
Longitude
°E -172.18 -167.86 -166.48 -165.40 -162.86 -159.40 -155.93 | -158.30 | -131.90
W -176.14 -170.49 -171.41 -168.50 -165.97 -173.80 -158.84 | -165.60 | -140.00
Depth
range (m) 32-66 38-50 30-51 35-50 43-46 31-55 41-131 37-60* 20-90
Mean
summer
bottom -1.64 2.01 2.20 8.7 to 1.4to- -0.70 -0.9
temp. (°C) +0.26 +2.37 +1.64 2.4 0.4 +1.54 0.1+2.3 -1.7 +0.7
Mean
bottom 32.47 32.2 32.36 31.7 32.1 32.59 32.6+0. 33.0 31.4
salinity +0.32 +0.61 +0.56 +0.53 +0.1 +0.84 9 +0.3 +1.0
Sediment
chla (mg m- 13.31 + 15.74 + 19.16 + 6.1to 6.2 to 12.74 + 5.2to
2) 6.51 8.15 9.80 20.4 26.6 7.73 38.6 8.7 +4.1 | not avail
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Table 2.2. List of 43 species and five genera found in the study region and abbreviations used in
stack plot figures. According to the International Commission on Zoological Nomenclature,
authors’ names are in parentheses if the assignment listed was not the first description of the
species.

A-dun Acanthocythereis dunelmensis (Norman 1869) sensu lato
Argil Argilloecia spp.

C-clu Cluthia cluthae (Brady, Crosskey & Robertson 1874)
C-tesh Cytheretta teshekpukensis Swain 1963

C-macch Cytheromorpha macchesneyi (Brady and Crosskey 1871)
C-angul Cytheropteron angulatum Brady and Robertson 1872
C-arcti Cytheropteron arcticum Neale and Howe 1973

C-champ Cytheropteron champlainum Cronin 1981

C-elaeni Cytheropteron elaeni Cronin 1989

C-inflat Cytheropteron inflatum Brady, Crosskey & Robertson 1874
C-montro Cytheropteron montrosiense Brady, Crosskey & Robertson 1874
C-nodos Cytheropteron nodosoalatum Neale and Howe 1973
C-sulense Cytheropteron sulense Lev 1972

C-suzdal Cytheropteron suzdalskyi Lev 1972

C- tumefact Cytheropteron tumefactum Lev 1972

Cyth-spp Cytheropteron spp.

E-concin Elofsonella concinna (Jones 1857)

F-angu Finmarchinella angulata (Sars 1866)

F-barentz Finmarchinella barentzovoensis (Mandelstam 1957)
F-logani Finmarchinella logani (Brady and Crosskey 1871)
H-emarg Hemicythere emarginata (Sars 1866)

H-clathrata Hemicytherura clathrata (Sars 1866)

H-fascis Heterocyprideis fascis (Brady and Norman 1889)

H-sorb Heterocyprideis sorbyana (Jones 1857)

Jonesia Jonesia acuminata (Sars 1866) sensu lato

K-arcto Kotoracythere arctoborealis Schornikov and Zenina 2006
K-hunti Krithe hunti Yasuhara, Stepanova, Okahashi, Cronin and Brouwers 2014
Loxo Loxoconcha venepidermoidea Swain 1963

Munsey Munseyella mananensis Hazel and Valentine 1969
Norman Normanicythere leioderma (Norman 1869)

P-limi Palmenella limicola (Norman 1865)

P-pseudo Paracyprideis pseudopunctillata Swain 1963
Paracytherois Paracytherois spp.

P-chaun Pteroloxa chaunensis Schornikov and Zenina 2006
R-mirab Rabilimis mirabilis (Brady 1868)
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R-septen
Roberts
Roundstonia
S-bradi
S-macro
S-punct
Schizo
Sclero
S-affinis
S-complan
S-main
Semi-spp

S-undata

Rabilimis septentrionalis (Brady 1866)

Robertsonites tuberculatus (Sars 1866)

Roundstonia globulifera (Brady 1868)
Sarsicytheridea bradii (Norman 1865)
Sarsicytheridea macrolaminata (Elofson 1939)
Sarsicytheridea punctillata (Brady 1865)
Schizocythere ikeyai Tsukagoshi and Briggs 1998
Sclerochilus spp.

Semicytherura affinis (Sars 1866)

Semicytherura complanata (Brady, Crosskey & Robertson 1874)
Semicytherura mainensis (Hazel and Valentine 1969)
Semicytherura spp.

Semicytherura undata (Sars 1866)
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Table 2.3 DCA results based on the relative abundance of 49 ostracode species (including three
genera, Argilloecia, Cytheropteron and Semicytherura) in 289 surface sediment samples from
continental shelf regions of the Bering, Chukchi, and Beaufort Seas collected primarily in
summer 1970-2018. Four assemblages related to average summer bottom water properties, and
several species’ preferences of bottom sediment texture, organic sediment food types, are
established. Because this area is a broad continental shelf, there is overlap of taxa between
Alaska Coastal Water and Bering Sea Water, which is bridged by S. bradii and

secondary taxa that include E. concinna.

Typical
Grou . Distinguishing LT Dominant Associated taxa in
Ecoregion summer .
P features water species assemblage
mass®
Northern Subarctic-Arctic,
Elering ez — pol}{na open water, Anadyr Sarsicytheridea bradii,
Western high sediment .
- (-1.0to . Palmenella limicola,
Chirikov chlorphyll-a, hot o Normanicythere .
1 . . 1.5°C, . Semicytherura
Basin spot areas of high- leioderma ; .
. : >32.5 mainensis,
(DIEOD), B | qelityy pivdisiion, salinity) Semicytherura affinis
Lawrence Isl gravel-sandy Y Y
polyna sediments
Schizocythere ikeyai,
Munseyella
Nearshore Alaska Semr?g';ZZfS:;s’s
Chukchi Sea Cold-temperate, Coastal Normanicythere e st, unda ta)p p-
) (DBO3-1 to subarctic, arctic; Water leioderma and Finr;zc;rc'hine Il s,
3-5 and gravel to sandy (~3-9°C, Sarsicytheridea Heterocvori dei P
DBO5-1 to sediments >30 bradii sorby 5 na
5-7) salinity) yand,
Cytheropteron
nodosalatum,
Elofsonella concinna
Eastern
Cl};]:s]i(r(l) ' Bering FElofsonella concinna,
(DBO2) and Arctic-subarctic; | Sea Water . . Semicytherura
. o Sarsicytheridea complanata,
3 central normal marine (0-3°C, .
X . bradii Kotoracythere
Bering Sea salinity 31.8-33.6 arctoborealis
(middle shelf salinity) . o
LB. ICY Semicytherura affinis
stations)
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Semicytherura

Bering
complanata,
Sea S .
Water/ Heterocyprideis fascis,
Offshore NE Arctic, marine Winter Robertsonites
Chukchi and euryhaline, hot Paracyprideis tuberculatus,
) Water . .
Hanna Shoal | spot areas of high (<-1.0°C pseudopunctillat Acanthocythereis
DBO5-9 and | TOC detritus, fine- - <3.1 5 ’ a dunelmensis, Cluthia
5-10 grained sediments sglini : cluthae, Argilloecia
4 spp., Kotoracythere
avg. 33 . .
> arctoborealis, Jonesia
salinity) .
acuminata
Beszglg Sarsicytheridea bradii,
Sarsicytheridea
Water/ . ;
. Paracyprideis punctillata,
. . Winter ;
Arctic, marine pseudopunctillat | Cytheropteron sulense,
Alaskan . . Water (<- o 3
euryhaline, river 5 a and Heterocyprideis fascis,
Beaufort Sea : 1.0°C, L .
influenced 315 Heterocyprideis Acanthocythereis
. sorbyana dunelmensis,
salinity .
Robertsonites
avg. 33
= tuberculatus
salinity)
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Supplementary Table Chapter 2

S2.1 Table. Six ecologically defined species in the northern Bering, Chukchi, and Beaufort Seas

based on multivariate correlations with environmental factors (*=from listed ecological references).

Scanning electron microscope (SEM) photos of species are taken from Gemery et al., 2015.

N. leioderma

Species Ideal salinity TS sediment food representativa printary modarn distribution” made at primary =gologleal
tempsratura substrate |preferance | climata zons life: reference{s)
Sea ot Jupan, waters oft eastem Jacan, Bering Ssa,
palyna south ol St Lawrenca Island (horthen Baring, .
Normanicythere | wids (-1.8 11 narnal marine| AW, AGW. | pekbly- T'en"rj subarctic-arctic/ | Chukchi Sea, Bay areas in Norh Atiantic (GLIf of St. tewnan | Haze1l ; 9°_TG|kf!Ya and |
leiodarma 25 131-331 BSW sandy pv;:lu;ian circum-Arctic Lawrence. Nove Scotia}. Ellesmere Island, lceland, ¢piauna w"”‘zo;gi‘h:;lﬂzm al:
nurthwestern Scotland, Gulf of Maine, Spitsbergen. T
Russian Harbor, Navava Zanlya (Baranls Sea)
I " . " - Beaufort Sea and nearshcre waters off Greenland.
mﬁmﬁ‘:ﬁ:ﬁ sald (<1°C)  euryhalineg [ BSW, wWw fl:fuzllsw phyludelilis ar:;tr:us':-b,\ar:;:;ca Ngnwegian, K.a.r.-.q: 1 ‘aplev, Fas| Siuer.ia.n. Norlon Sound  infaunal Slepanava, 7006
in Bering Sea, Chikehi Saa
Norlh Allarlic (norh of Cape Cod and Georges Pa-k),
Ungava Bay, Frohishar Bay, Hadson Bay, Gulf of aina,
surylhemiic straits of the Canacian Arctic Archipelago,
Sarsicytheridea hut more AW, ACW, arctic-subarctic / Newfoundlard, Labracor Sea, waters off Great Britain. Stepanova, 200&; Freiwald
oradii common jn MOl marine BSW witde wide circum-Arctic Ireland, Nonvay, Green and, Franz Josefl and, infaunal and Mostatewi, 1998;
<4.5°C Spitsbargen, Novaya Zairlya, Whita, Baltic, Nerth, Hazal, 1970
- Barcnts, Kara. Laptev, East Siberan, Chukchi nearshore
waters off Aleutian Islands. Anadyr Bay, Bering. Norton
Sound, nearshore walers off Alaska
aormal Areas where_ apolynya tor'ns during winterlime;
. Greanlzna, Whils (sonthar inlel of Ihe Baranls Seaj,
Semicytharura . marine. but . arctic subarctic/ Barents, Narwegian, Kara, Laptev, Cast Siberian, Stepanova, 2006; Brouwers
cald (<1°C) high BSW, Wy witde unkngwin N " o X infaunal | elal., 2000; Cronin elal.
complanta abundance in circum-Arctic Chukchi. Bering. 3eaufort Seas: Labrador seas, 1994
=33 Ungava. Frobisher, anc Hudson bays. siraits ofthe
Canadian Arclic: Archipalaga, Ireland
. . 5 calin . Waters off castem Japan, Cook Inlet, Gulf of Alaska. Tsukagaski and Briggs.
Schizooyihere sy ID lower salinily ACW sandy unknown cald-ler perale lo Kogiak Shelf, Pribilof Islands, Norton Sound. Chukchi  unknown 1988: Ozaws, 2004
ikeyal 20¢C) araas <32 subarctic = N
Sea Cronin tul., 2021
Sew of Japan, Okhost Sea. Bering Sea, Gulf of Alaska; Hazel and Valertire,1969;
Munseyella warm §0-  lower salinily AW sancy un<nown cald-lemperale 10| Ungava, Frobisher, Kneeland Bays oll Canada and unknown Sehornikey, 2601; 2006;
mananensts 14<C) araas =32 subarctic Baffin Bay off westarn Greenland, Halifax Inlat off Nava Cronin el &l 2021
Scctia
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Chapter 3: Stable oxygen isotopes in shallow marine ostracodes from
the northern Bering and Chukchi Seas
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all co-authors and reviewed for quality assurance.

3.1 Abstract

Stable oxygen isotope measurements on calcitic valves of benthic ostracodes (8'8Oost)
from the northern Bering and Chukchi Seas were used to examine ecological and hydrographic
processes governing ostracode and associated seawater §'80 values. Five cryophilic taxa were
analyzed for 8'80.« values: Sarsicytheridea bradii; Paracyprideis pseudopunctillata;
Heterocyprideis sorbyana; Heterocyprideis fascis; and the subarctic species Normanicythere
leioderma. Controls on the stable oxygen isotope composition of ostracode calcite were
investigated by first establishing species’ vital effects and then comparing 'O, to seawater
8'80 values (that ranged from -2.7 to -0.5%o), CTD temperature (-1.7 to 8.7°C) and salinity (30-
34) measured at sampling stations in the Bering and Chukchi Seas during the six summers of
2013-2018. Results from 297 §'800st measurements from 53 sites on the Bering and Chukchi Sea
continental shelves are consistent with the temporal and spatial variation in 5'0 values of
continental shelf bottom water, as impacted by seasonality, regional hydrography, and physical
processes (i.e., sea-ice melt and extent, vertical mixing, precipitation/evaporation). Regression

statistics for 8'8Q,s values of two species, N. leioderma and P. pseudopunctillata, showed

66



correlations to temperature and salinity that may facilitate prediction of water-mass
characteristics when applied to sediment core records. Specifically, a significant linear regression
relationship was found between 880, values of N. leioderma and P. pseudopunctillata and
temperature (R?>= 0.67 and 0.52, respectively). A principal component analysis confirmed
temperature as the main controlling factor in the §'%O,s values of all species except S. bradii,
with samples of distinct water masses grouping together. The 8'3%Q0,s values of S. bradii exhibited
a narrow range of values (~3 to 4.5%o) across a temperature range of 10°C. Due to strong vital
effects and possibly other undetermined factors, the incorporation of 8'3Qos in S. bradii was not

driven by any obvious predominant environmental factors.

3.2 Introduction

Stable oxygen isotopes of calcareous microfossil tests — primarily planktic and benthic
foraminifera — have been used to reveal changes in global ice volume, ocean circulation, and
temperatures over decadal to millennial timescales (e.g., Shackleton, 1974; Lisiecki and Raymo,
2005). Ostracodes, small bivalved crustaceans, are an underexploited group for isotopic proxy
applications. Not only do benthic ostracode stable oxygen isotopic records display similar trends
to those of benthic foraminifers (e.g., Didié¢ and Bauch, 2002), but they also secrete their calcium
carbonate (CaCOs3) shells within a few hours (Turpen and Angell, 1971) or up to a few days
(Peypouquet et al., 1988; Chivas et al., 1983; Roca and Wansard, 1997). Alternatively, molluscs
and foraminifera secrete their shells continuously over their entire lifespan, and at different water
depths for some planktic species. Because ostracodes use bicarbonate and carbonate ions from
the surrounding water to build their shells very rapidly (Turpen and Angell, 1971), calcite '3%0

values of their shells (hereafter §'80ost) provide a “snapshot” record of the water conditions at the
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discrete time of calcification (Holmes and DeDeckker, 2012 and references therein). The primary
factors controlling the fractionation of oxygen isotopes in biogenic carbonates (CaCO3) are water
temperature and the isotopic composition of seawater (Urey, 1947; Epstein et al., 1951; 1953).
Thermodynamically, '30 is favored at equilibrium during calcite formation over '°0 (Urey,
1947). Epstein et al. (1953) established the temperature relationship in molluscs of
approximately 0.2%o change in §'80 per 1°C, and this has been found to be fairly consistent for
other calcium-carbonate-shelled organisms when calcite is precipitated in isotopic equilibrium
with water (e.g., Bemis et al., 1998, Shackleton, 1974). The incorporation of '*0 due to water
temperature and the §'%0 of the surrounding water is further complicated in different species by
biologically or metabolically driven “vital effects” that create offsets in the expected oxygen
isotope fractionation between CaCOj3 and water (Epstein et al., 1953). This disequilibrium
fractionation drives deviations from the expected isotopic equilibrium value of calcite outside of
and separate from temperature and 3'30 of the surrounding water. In ostracodes, species-specific
vital-effect offsets, relative to that of expected equilibrium inorganic calcite precipitation, can
range from a few tenths to several per mil and must first be established. Benthic ostracodes
display more positive vital offsets than expected equilibrium values (Xia et al, 1997a; von

Grafenstein et al, 1999; Simstich et al., 2004).

3.2.1 Goals of the study

The overarching goal of this study is to evaluate the feasibility of using ostracode
carbonate as stable oxygen isotope tracers of temperature or water mass tracers in the northern
Bering and Chukchi Seas. If successful, this proxy may be applied to other regions where the

investigated species are found (Supplement Figs 3.1-3.8). This study presents 297 benthic '3t
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measurements from five cryophilic (able to thrive at low temperatures) taxa representing
different ecological preferences. Associated seawater 8'%0 (hereafter 6'*Owater) was measured
from the same sites as those for collected ostracode samples from expeditions in the Bering and
Chukchi Seas primarily during the summer (July — September) months of 2013-2018 (Fig. 3.1).
We evaluate the temporal and spatial variability of the oxygen isotopic composition of bottom
water (section 3.4.1), and in relation to benthic ostracode ecology (section 3.4.2) and 8'3Oos
values (section 3.4.3). The study confirms that calcite §'®Q,s is not secreted in equilibrium with
ambient §'®Owater, and vital-effect isotopic fractionations for each species are significant (section
3.4.4). Adult and juvenile §'80ost values are compared to test if isotopic signatures vary with age
(section 3.4.5). In order to examine the variability of '8, values from the same species within
the same sediment sample, 205 replicate analyses were conducted (section 3.4.6). Based on the
8'80water, temperature and salinity at the time of collection, each sample was designated as
representative of a particular bottom water mass (Table 3.2) to determine if §'3QOos is correlated
with distinct water mass properties (section 3.4.7). This study investigates the multiple factors
controlling §'80.s values of the species via regression analyses. Water temperature effects on
8'8Q,st are also tested to determine if the expected temperature sensitivity for biogenic carbonates

applies in a similar way for ostracode calcite.

3.2.2 Previous Work

Although the §'8Q0s values of non-marine ostracode calcite has been widely used for
modern and paleoenvironmental studies of lakes (e.g., von Grafenstein et al., 1999; Holmes et
al., 2010; Ito and Forester, 2017; Roberts et al., 2020), to date, only a few studies have

investigated marine ostracode 3'30 values in relation to oceanographic parameters: Didié and
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Bauch, 2002 (the Iceland Plateau surrounding Iceland); Simstich et al., 2004 (Kara Sea);
Erlenkeuser and von Grafenstein, 1999 (Laptev Sea); Mazzini, 2005 (Tasman Sea, southeast of
New Zealand, and the deep Southern Ocean); Bornemann et al., 2012 (Mediterranean Sea).
These studies determined the 8800 values of common taxa from modern surface sediments and
established species-specific vital offsets from equilibrium calcite oxygen isotope values. In a few
of these studies, baseline 6'*O,s values were applied to downcore records, with §'8Q,s values
used as water mass tracers to identify deglaciation changes in river inputs to offshore areas
(Simstich et al., 2004) or glacial-interglacial cycles in the deep North Atlantic (Didié¢ and Bauch,
2002). For additional background of methods applied and results obtained by stable isotope
studies using non-marine and marine Ostracoda, the reader is referred to Holmes and DeDeckker

(2012).

3.2.3 Cryophilic ostracode life history

Little is known of the specific life histories of the ostracode species used in this study
because relatively few direct observations have been made. Factors such as lifespan, food
sources, and reproductive and metabolic ecology should be considered because they may affect
the incorporation of 'O into ostracode calcite or the interpretation of §'¥ 0ot measurements.
Several controlled laboratory experiments of cold-water marine ostracodes (e.g., Elofson, 1941;
Majoran and Agrenius, 1995; Majoran et al., 2000; Ikeya and Kato, 2000) have constrained some
of these uncertainties. For podocopan ostracodes (the taxonomic subclass investigated in this
study), a full lifecycle includes eight molts before reaching adulthood (Horne, 1983; Cohen and
Morin, 1990; Horne et al., 2002), so instar (juvenile) shells representing successive life stages are

also preserved in sediments. Keyser and Walter (2004) proposed the process of shell secretion in
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ostracodes involves dissolved inorganic carbon species and calcium being concentrated in an
outer epidermal layer that gives rise to the shell. Through culturing studies, Elofson (1941)
estimated that an ostracode lifespan may extend over multiple years, while development from the
first instar to adult occur in as little as 30-35 days. The majority of cold-water, marine ostracode
species appear to have seasonal lifecycles, and produce one or more generations per year in late
spring, summer and early autumn (Horne, 1983; Athersuch et al., 1989). Temperature and food
supply are likely the controlling factors that restrict cryophilic ostracode reproduction and
development to this brief seasonal window when temperatures are warmest and organic matter
produced as the result of primary productivity settles to the seafloor. The molt cycle is
hormonally cued, with warming temperature being the most important environmental stimulus
(Majoran et al., 2000). Ostracode growth rates are positively correlated with temperature.
Majoran et al. (2000) reported higher temperatures were associated with later ontogenetic stages
of Krithe praetexta praetexta. Likewise, in a study of temporal variation in a shallow water
benthic community in Nova Scotia, Levings (1975) found a correlation between bottom
temperature and abundance of Normanicythere leioderma during summer months. Most
podocopan ostracode species reproduce sexually, and many brood eggs inside the adult female’s
carapace that hatch as juveniles with hardened shells (Horne, 1983; Cohen and Morin, 1990).
Eggs or early instars brood within female adults and overwinter in delayed development until
hatching is triggered (Horne 1983; Horne et al., 2002). Temperature is the likely cue for eggs to
hatch (Theisen, 1966; Ganning, 1971; Levings, 1975). Adults and late-stage juveniles also
overwinter until the following spring to perpetuate the population as well, and may enter
diapause during winter (Majoran et al., 2000). Based on these inferences from previous studies,

we therefore presume that the §'80 values of ostracode calcite should reflect the §'%0 values of
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seawater and water mass properties of the mean summer season (the sampling period) when the

environment is most productive and the majority of ostracodes reach maturity.

3.2.4 Assumptions to address life history uncertainties

It is possible that some adult specimens selected for this study’s analysis calcified their
shells the previous summer or autumn season, and overlap from year to year is impossible to
constrain. We employ the assumption that seawater §'80, temperature and salinity measured at
the time of ostracode collection best correspond to the environmental conditions during which
the majority of ostracodes reach adulthood and build their final shell. Additionally, in continental
shelf environments, changes in water 6'0 values can occur over short periods. To address these
uncertainties, 5'* O, replicates from the same species in the same sample were analyzed to
determine the range of variability in measured 3'80,s values at a given location (section 4.6).
Lastly, we adhered to strict criteria (section 3.2) when selecting shells for analysis. For the
regression analyses comparing 8'80,s with temperature, salinity and 8'8Owater, only shells from
adult carapaces were used, and many contained the chitinous bodies of the animal, indicating it
was alive at the time of collection. Second, only the most pristine shells were chosen; in a
continental shelf environment, dead individuals quickly show signs of reworking or

deterioration, such as shell whitening or abrasion.

3.2.5 Regional setting

The continental shelf waters of the Bering and Chukchi Seas represent a mixture of water
masses primarily differentiated by their salinity, temperature and nutrient concentrations. During

the July-August—September sampling periods in the northern Bering and Chukchi Seas, there
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were several distinct bottom water types, as outlined below, with distinct temperature and
salinity ranges and 8'8Owater signatures (Table 3.1). Because the Bering Sea is in many respects a
northern extension of the North Pacific Ocean, it is a major transport mechanism for heat,
freshwater and nutrients through the Bering Strait into the Chukchi Sea. Waters from several
origins comprise this flow into the Bering Sea: Anadyr Water (AW; upwelled from the western
Bering continental slope, is cold, high salinity and high nutrient water); Alaska Coastal Current
water (ACW; warmer, nutrient-poor, fresher water); and Bering Shelf Water (an intermediate
mixture of these two water masses; Coachman et al., 1975; Weingartner et al., 2005, 2013; Gong
and Pickart, 2015).

Northward flow though the ~80km-wide Bering Strait heavily influences oceanographic
properties in the Chukchi Sea. Water through the Bering Strait is made up of ACW in the east
and mostly Bering Sea Water (BSW) in the center and west, which comprises both Bering Shelf
Water and AW. Its path is directed by the bottom topography of the Chukchi shelf (Hunt et al.,
2013; Weingartner et al, 2005, 2013; Woodgate et al., 2005b). The Central Channel is the
bathymetric depression between Herald Shoal and Hanna Shoal that steers BSW north over the
shelf (Weingartner et al., 2005). Along the Alaskan coast, the seasonal (April-December) ACW
1s a narrow (10-20 km wide) wind- and buoyancy-forced current (Weingartner et al., 2005). It
transits north along the coast and exits the Chukchi Sea via Barrow Canyon, where it bifurcates
east to the Beaufort Sea to form the Beaufort shelf-break jet (Pickart, 2004) and west to form the
Chukchi slope current (Li et al., 2019).

The seasonality of these water masses is important to note. During winter and early
spring, most of the shelf is filled with cold (<0°C) winter water (Pickart et al., 2016). In late

spring and summer as the water warms seasonally, sharper distinctions among the water mass
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become observable. There is also cold, dilute ice melt water (<31.5 salinity) in the upper water
column. Bottom winter water is either newly ventilated (with a higher nutrient concentration) or
remnant water with temperatures of ~-1.6°C (collectively referred to herein as RWW, remnant
winter water; Pickart et al., 2016; Li et al., 2019). We consider RWW (~-1.4/-1.5%o) a
component of BSW because it is colder albeit not isotopically distinct. The oxygen isotope
composition of each of these water masses was established as follows from Cooper et al. (1997):
AW =-0.4 t0 -0.6%0; ACW = -4 to -1.5%0; BSW =-1.5 to -0.4%o (Table 3.1).

A major characteristic of this area is the seasonal and interannual variability of sea-ice
coverage. In the last few years, the Chukchi Sea has become nearly ice-free late in the summer
season. A lack of ice would potentially allow storm and wind action to mix water masses

vertically and/or more deeply, creating greater regional-scale variability in §'8Owater values.

3.3 Materials and Methods

3.3.1 Ostracode surface sediment samples

Ostracodes from surface sediment samples (~0-2 cm) were collected during summer
(July, August, September) expeditions aboard U.S. Coast Guard Cutter (USCGC) Healy in 2013
and 2017-2018 and Canadian Coast Guard Ship (CCGS) Sir Wilfrid Laurier in 2001, 2014-2018
(Fig. 3.1; Table 3.2) using a van Veen grab (0.1 m?) or a multi- or single-HAPS benthic corer
(133 cm?) to obtain the uppermost few centimeters of sediment. Samples were scraped from the
top of surface grabs before the grab was opened through a trap-door, or from the top one to two
centimeters of multicores. Wet sediment sample weight ranged from 20 g to > 100 g. To process

for ostracodes, sediments were washed with tap water through a 63 pum sieve. The > 63 pm size
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fraction was dried in an oven overnight at 50°C. Using a light microscope, ostracode shells were
hand-picked from the >125 um size fraction of dried sediment using a finely tipped brush and
transferred to a slide. Adult and juvenile target species for this study are found in this size range.
Sample station names presented in subsequent text, Table 3.2 and figures are abbreviated,
with the first letter, “H” or “L” representing the expedition vessel, Healy or Laurier, the
following two numbers designate the year of the cruise and the following letters/numbers
represent the transect line and sample station name. For example, HISDBO3-1 represents the
Healy 2018 expedition at the station DBO3-1. DBO station numbers increase from nearshore to

further offshore.

3.3.2 Ostracode selection and preparation for isotope analysis

For specimen screening criteria, selection and preparation, the recommendations presented in
Holmes and Chivas (2002) were followed, and are outlined here:

e Shells were visually inspected for excellent preservation to minimize impurity effects
resulting from diagenesis, dissolution or remineralization and obtain clean shell carbonate
for analysis. Selected shells were “glassy” or translucent/transparent, with well-preserved
morphology, such as clearly defined muscle scars and ornamentation, fully developed
inner lamellae, and non-granular surfaces. In many cases, specimens selected were alive
at the time of collection. This was determined by shell quality, preserved chitinous
appendages, and articulated carapaces.

e Shells were cleaned using distilled water and dried quickly. Sediment adhering to the

shells was generally fine grained and easily removed using a brush. Closed carapaces
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were opened to two single valves, and soft parts from within the shell were removed with
a fine tweezer, brush, and needle tool.

Only adult-stage valves and carapaces were used for main study analyses. Juvenile valves
(instar molts) are smaller, thinner and less calcified than adults. A separate, minor
examination was conducted on juvenile shells of various molt stages of N. leioderma
(n=3), P. pseudopunctillata (n=9), and S. bradii (n=13), to determine their §'30 values.
To generate an average §'%0 calcite measurement representative of the summer season,
three to four shells from different individuals (of the same species in the same sample)
were used to achieve a mass of ~150-225 pg. In a second analysis, several months later in
2019, one adult valve (or ~5-15 juvenile shells) was used to achieve a weight of 40-90
ug.

To test measurement precision, reproducibility and the variability of shell §!30 values

within the same sample, a number of duplicate analyses were analyzed in all runs.

3.3.3 Collection and analysis of '8 Owater and 8'80,st

Seawater was collected at the same stations as ostracode sediment samples via a

conductivity-temperature-depth (CTD) rosette, which also measured near-bottom water

temperature and salinity. Samples for §'8Owater (Table 3.3) and §'80, were analyzed at the

University of Maryland Center for Environmental Science in Solomons, Maryland, USA using a

Thermo Fisher Scientific™ Delta V Plus stable isotope mass spectrometer coupled to a

GasBench® peripheral preparation device. The precision of the measurements, based upon

repeated measurements of an internal water standard and carbonate standards, was determined to

be ~ £ 0.1%o0. The oxygen isotope bottle data used is archived at the University Corporation for
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Atmospheric Research/National Center for Atmospheric Research (UCAR/NCAR) Earth
Observing Laboratory (https://www.eol.ucar.edu/) and the National Science Foundation’s Arctic

Data Center (https://arcticdata.io/catalog/portals/DBO).

3.3.4 Ostracode 8'%0, notation, and analyses

Oxygen isotope values are reported in parts per thousand, or per mil (%o) deviations of the
180/1%0 isotope ratios relative to the VPDB (Vienna Pee Dee Belemnite) scale using laboratory
standards calibrated against NBS19 and NBS18 (National Bureau of Standards). The ratios
between '80/'°0 are expressed in delta notation as follows:

880 %o = [(Rsamp]e/Rstandard) - 1]* 1000 (1)

where R = 80/'°0 for §'%0 values in the sample vs. the standard (Craig, 1961; Coplen, 1994).

To convert between §'80 water on the Vienna Standard Mean Ocean Water (VSMOW) scale to
8'80 water on VPDB scale as per mil, we followed Hut (1987):

8" 0water, VPDB = 0.99973 * §'80water, VSMOW - 0.27 2)

The average expected §'%0 value of equilibrium calcite was determined using the equation
established by O'Neil et al. (1969) and used by Didi¢ and Bauch (2002) and Simstich et al.
(2004):
8!80expected (VPBD) =[21.9-3.16*(31.061+T)*3]+ §'"¥ Owater VPDB 3)
This equation calculates the expected 3'30 value of inorganic calcite precipitated in
isotopic equilibrium with surrounding water of known temperature calibrated to 0°C and

8'80water (converted to VPBD scale). This equation was chosen because it encompasses the
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closest temperature range to samples in this study. Furthermore, other ostracode studies used
equations 2 and 3 so results from this study can be readily compared.

Species-specific vital effect fractionations were estimated using the measured 8'#O,s
value minus the corresponding expected equilibrium calcite value (8'¥QOost - 8" Oexpected) for that
species in the sample. Because the expected equilibrium calcite equation of O'Neil (1969)
accounts for the temperature at the sampling site, an average vital offset was determined for each
adult species from all measured values for that species.

Basic linear regression statistics were used to examine the influence of independent
variables on the 8'30 values of water and/or ostracode calcite (dependent variables) to elucidate
relationships among the §'%0 values of dominant species and oceanographic factors defining
regional areas of the continental shelf environment. A value of p <0.05 was used as the threshold
for statistical significance. A principal component analysis (PCA) was used to examine
relationships between the §'80os of specific species and water mass characteristics of the
associated sample locations. The PCA was carried out using the statistics software package
PAST v3.2 (PAleontological STatistics; Hammer et al., 2001). Adult replicate samples (n=142)

were averaged so one value represents a sampling station for a given species in a given year.

3.4 Results and Discussion

In order to assess the applicability of 3'8Qos of five benthic Arctic shelf ostracode species
for proxy reconstructions, we made a total of 297 ostracode and 78 corresponding seawater §'%0
measurements from 53 sampling locations in the N. Bering and Chukchi Seas off northwest
Alaska (Fig.3.1; Table 3.2). Our overall results, to be discussed in the following sections,

indicate that 5'®Q,s values of several species reliably reflect the 6'®Owater and temperature
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associated with defined water masses of the region. Thus, it may be feasible to use these species
in downcore reconstructions to calculate paleotemperature of the water at the time of shell
secretion. In the sections to follow, we’ll present each species’ specific offset relative to the
expected equilibrium value of inorganic calcite. We show that interannual and intrasample
variability of 3'8Q,s is minimal, and adult valves at a sample location represent the mean
summer water condition of 3'8Owater and temperature within £0.2%o. Results of a multiple
regression analysis (PCA) attribute 83% of the variance in §'8Qos values (explained by the first
two principal components) to summer bottom water temperature of the sample’s corresponding

water mass.

3.4.1 The relationships among 6'80Oyater and water mass characteristics

Water mass characteristics vary widely in summer on the northern Bering and Chukchi
Sea continental shelves. During summer months of 2013-2018, bottom-water 8'#Oyater values
across the shelf ranged from -2.7 to -0.5%o with respect to VSMOW and summer bottom water
temperatures ranged from -1.7 to 8.7°C (Fig. 3.2a). Salinity varied little from an average of 32
(standard deviation [stdev] +0.6; Fig. 3.2b), but a small number of stations nearest to shore in the
southeast Chukchi Sea (DBO3-1, 3-2, 3-3, 3-4) and northeast Chukchi Sea (DBO4-1) had
average bottom water salinity values one unit lower, ~31. Bottom warming and mixing as well as
freshwater runoff was most evident at shallower depths nearer to shore. At location, DBOS5-1 in
2017, the highest salinity of 34 was recorded, with a temperature of 0°C (Fig. 3.2b), and the
water mass was classified as RWW. The following year during the same month, that same site
had a salinity of 31 with a higher temperature of 4.6°C and classified as ACW. The DBO5

transect, especially DBOS5-1 closest to shore, showed the highest year-to-year variability in
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temperature and the lowest seawater 8'®Owater values (Table 3.3) compared to other DBO lines.
Such large temporal variation was typical at station locations close to shore along the DBO3
transect, particularly those in the flow path of the ACW where it reaches the shallow seafloor.
For example, DBO3-1, sampled during July and/or August in 2014, 2015, 2016, 2017, 2018, had
bottom water temperatures, respectively, of 5.5, 6.0, 5.5, 5.7 and 8.3°C, and bottom seawater
8'80 ranging from -2.7%o to -1.6%o. Overall, the greatest variability from year to year in
temperature and 6'*Oyater was at DBO3-1 and DBOS5-1, which are both closest to the coast on
each transect.

Despite temporal temperature and salinity variability at near-shore sample locations,
properties of the ambient water masses are reflected in the 8'8Owater profiles (Table 3.1; Figs. 3.2a
& 3.2b; Cooper et al., 1997). On a global basis, for every 1 unit decrease in salinity, a
corresponding 0.6%o decrease in 8'® Owater value is expected (Craig and Gordon, 1965). The most
negative 8'8Owater value of -2.5%o was observed in the warmest, least saline bottom water (8.4°C,
salinity 30.7, H1I8DBO3-1), which was comprised of ACW. The least negative/highest §'®Owater
value of -0.45%o (0°C, salinity 34, H17DBOS5-1) was likely made up of brine-injected RWW that
was trapped in August 2017 on the shallow shelf. These end members demonstrate the expected
trend, as generally, 6'®Owater values increase with lower temperature and higher salinity. Overall,
regression statistics of ACW 8'®Oyater samples (n= 23), show a significant correlation to
temperature (R?>= 0.53; Fig. 3.2a) and salinity (R?= 0.68; Fig. 3.2b). The 3'8Owater value of the
ACW has a strong relationship to both variables because the water mass originates much further
south with a §'8Owater reflective of less saline, warmer, '*O-depleted water embedded in the
northward flowing current. The transit time of water advected from the Bering Strait to Barrow

Canyon has been estimated to be ~4 months (Woodgate et al., 2005a) implying water masses
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from the south move quickly across the shelf with lighter isotopic values indicative of its Pacific
provenance.

Salinity is correlated to 8'"®Owater values and reflects similar sources. A linear relationship
between salinity and §'8Owater is expected because processes that increase or decrease 8'*Owater
values (evaporation, rainfall, ice melt, run-off) also correspondingly increase or decrease with
salinity (Epstein et al., 1951; LeGrande and Schmidt, 2006). Fig. 3.2b shows an overall
significant relationship (R?>= 0.45) for all samples. The few samples representing AW (indicated
by the symbol “X” on Fig. 3.2b) have among the highest 3'®Owater values. Salinity and &'®Owater
have particularly significant relationships in the ACW (R?=0.68, gray-colored regression line)
and BSW (R?= 0.61, orange-colored regression line), which are potentially influenced by
contributions of melted sea ice. A subset of BSW is RWW that transited through the Bering
Strait or formed during winter vs. summer. We chose to separate this water mass because it has
distinctive properties (high salinity and low temperature) and can remain on shelf regions until
the following summer (Woodgate et al., 2005b). During the formation of sea ice, the release of
brine breaks down water column stratification. This can lead to mixing of isotopically lighter
water towards the seafloor (Cooper et al., 1997; Bauch and Bauch, 2001). Our data show that
most samples representing RWW have '8 Oyater values in a similar range as BSW. But a lighter
signature is discernable in two samples from the Hanna Shoal region (samples HI3H108 and
H13H29, values circled on Fig. 3.2b). Also, during the past few decades, freshwater through the
Bering Strait has increased by ~40% due to intensification of the hydrological system in the
Pacific-Arctic (Woodgate, 2018). This overall freshening may help explain why BSW §!80 is

more strongly correlated to salinity than temperature. Based on the correlations in Figure 3.2,
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every 0.5%o change in BSW §'80yater corresponds with a change in salinity of ~0.5, while similar

changes in BSW 8'8Oyater are not necessarily associated with any change in temperature.

3.4.2 Distribution and ecology of investigated ostracode species

Five common, circum-polar continental shelf ostracode species were chosen for
investigation: the subarctic Normanicythere leioderma; the eurytopic species Sarsicytheridea
bradii, the euryhaline species Paracyprideis pseudopunctillata; Heterocyprideis sorbyana; and
the cryophilic Heterocyprideis fascis. All of these taxa are tolerant of considerable seasonal
changes on highly variable continental shelves. Furthermore, the biogeography and ecology of
these taxa were examined using the Arctic Ostracode Database (AOD) of extant species, which
currently includes ~1600 modern surface samples from all areas of the Arctic Ocean and
subarctic seas (Cronin, 1981; Cronin et al., 1991; Gemery et al., 2015; Cronin et al., 2021,
AOD2020 is available from https://www.ncdc.noaa.gov/paleo/study/32312). The abundance of
each investigated species in AOD samples (with >10 specimens of the given taxa in a sample)
was plotted versus bottom water temperature, salinity, water depth and latitude (Supplement Figs
3.1, 3.3, 3.5, 3.7). Corresponding maps show each species’ modern distribution from this
database (Supplement Figs 3.2, 3.4, 3.6, 3.8).

Off Alaskan, Canadian and Siberian coasts, typical nearshore Arctic assemblages are
dominated, in varying proportions, by P. pseudopunctillata, Sarsicytheridea spp., H. sorbyana
(Cronin et al., 1991; Brouwers et al., 1991; Stepanova 2006; Gemery et al., 2013). These species
are frequently preserved in sediment cores and in cold-temperate to high-latitude deposits in both
the Atlantic and Pacific sectors of the Arctic and can represent different paleoenvironments (e.g.,

Cronin and Ikeya, 1987; Stepanvoa et al., 2011, 2019; Simstich et al., 2004). In particular, P.
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pseudopunctillata (Supplement Figs 3.3, 3.4) and H. sorbyana (Supplement Figs 3.7, 3.8) are
littoral-sublittoral species (1-50 m) with a southerly range limit of ~63°N latitude, tolerant of
salinities as low as 5-10 (Hazel, 1970; Neale and Howe, 1975; Cronin, 1977, Stepanova et al.,
2007, 2019) and temperatures from -1.7 to upwards of 10°C. Although H. sorbyana belongs to
the same genus as H. fascis, its ecological preferences are distinct. H. fascis is more restricted in
its distribution above 69°N latitude in normal Arctic marine salinity (31-34), frigid temperatures
(0°C and below) and in slightly deeper offshore water depths (>40 m; Supplement Figs 3.7, 3.8).
Sarsicytheridea bradii is a wide-ranging, cold temperate to frigid species with seafloor
temperature tolerances of -1.7 to 18°C (Hazel, 1970), but demonstrates a preference for mid-
shelf depths and normal Arctic marine salinity (31-33; Supplement Figs 3.5, 3.6). Likewise, N.
leioderma has wide temperature tolerances (-1.7 to 19°C; Hazel, 1970) in normal Arctic salinity
(Supplement Fig. 3.1). It mainly inhabits depths of 50 m or less in latitudes >61°N, and is a
dominant species in the northern Bering Sea, while becoming less abundant in the Chukchi and
Beaufort Sea region, to rare in the Kara and Laptev Seas (Stepanova et al., 2007; Gemery et al.,

2013; 2015).

3.4.3 Stable oxygen isotopes of Arctic ostracodes

On the northern Bering and Chukchi Sea shelves, §'O, values across the region and a
10°C temperature gradient reflected the highly variable oceanographic regime on a continental
shelf. However, an average 8'0ost value (+ standard deviation) was generated for each species:
2.6%0 (£1.1) for N. leioderma; 4.4%o (£0.4) for P. pseudopunctillata; 3.9%o (£0.4) for S. bradii,
3.3%o (£0.5) for H. sorbyana; 3.7%o (£0.3) for H. fascis (Table 3.4). The §'80os values for N.

leioderma showed the largest range of up to 4%o (Fig. 3.3a) but the range of '3, values for
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other species was narrower: 1.8%o for P. pseudopunctillata; 2%o for S. bradii; 1.5%o for H.
sorbyana; 1%o for H. fascis (Figs. 3.3d, g, j, 1). These 8'3QOost values presented are not corrected
for vital effect fractionations, so part of the difference in §'#Q,s values for each species is due to

this effect, which varies by taxon.

3.4.4 Species-specific vital effect fractionations

The observed difference between shell calcite 330,05 and expected inorganic calcite
formed in isotopic equilibrium (8'8Oost - 8'®Oexpected) rEpresents a species-specific isotopic
fractionation broadly referred to as vital effects or offsets. Results confirmed that, relative to the
expected (or equilibrium) value of inorganic calcite, ostracodes do not secrete their carapace in
equilibrium with ambient water. Rather, each species showed a species-specific positive offset
(Figs. 3.3b, e, h, k, m), which is consistent with values established by other studies that ranged
from +1.5%o to +0.5%o (e.g., Simstich et al., 2004; Table 3.4). Heavier than expected isotopic
offsets have also been found in deep-sea marine species (Didi¢ and Bauch, 2002) and in non-
marine ostracodes (e.g., Xia et al., 1997a & b; von Grafenstein et al., 1999).

Certain factors have been proposed to explain vital offsets. The studies of Erlenkeuser
and von Grafenstein (1999) and Simstich et al. (2004) observed that higher hydrographic
variability in shallow water caused wider deviations of calcite 8'® Qg values from equilibrium. In
order to separate effects from hydrographic variability, and to better estimate vital offsets,
Simstich et al. (2004) used only stations from >40m water depth. We used a similar strategy in
this study. Our average water depth sampled was 49m (stdev £13 m), with only a few sites

representing end member station depths of 33 m (DBO3-1, the shallowest station), and 131 m
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(DBOS5-5 in Barrow Canyon, the deepest). Therefore, depth and the high environmental
variability of shallow depths are better constrained.

Several strong species-specific vital effect offsets were observed in our results. The
average vital effects isotopic fractionations for N. leioderma and H. fascis were lowest (+1.1%o
and +1.0%o respectively) compared to S. bradii, P. pseudopunctillata and H. sorbyana (+2.2%o,
+2.3%0 and +2.4%o, respectively), which exhibited the highest offsets from equilibrium calcite
(Table 3.4). To attempt to understand various factors that could be contributing to these offsets, it
1s first necessary to discuss vital effects in more detail.

The mechanisms that cause vital offsets are not well understood. While isotope
fractionation between marine ostracodes and the ambient water they use to build their shell has
not been measured in controlled laboratory settings, results from a freshwater ostracode culturing
study (Xia et al., 1997a) and a natural environmental study (Keatings et al., 2002) suggest the
degree of fractionation in ostracodes may be related to the rate and temperature of calcification.
Xia et al. (1997a) found that fractionation increased by 2%o as water calcification temperatures
decreased from 25°C to 15°C. Keatings et al. (2002) proposed that slower rates of calcification
resulted in calcification closer to equilibrium, while faster rates of calcification led to higher
fractionation (i.e., greater vital offsets). However, it is unclear whether these effects apply to the
natural marine environment where calcification occurs at much lower temperatures. Because the
rate of inorganic calcite precipitation has no effect on oxygen isotope fractionation (Kim and
O’Neil, 1997), the measured vital offsets in ostracodes indicates isotopic fractionation resulting
from some biological process (Decrouy, 2012).

Xia et al. (1997a) suggested physiological factors such as the rate of metabolism, food

quantity, light penetration, and environmental stress during calcification may contribute to
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nonequilibrium fractionation, or variability in shell composition. The alkalinity of water or the
degree of calcite saturation in the water may also influence oxygen isotope fractionation
(Decrouy, 2012; Devriendt et al., 2017). Furthermore, in a study evaluating published vital
effects in freshwater and brackish ostracodes, Decrouy and Vennemann (2013) suggested that
differences in vital offsets within a given freshwater or brackish taxon from different localities
may be due to differences in water chemistry, citing salinity, alkalinity, Mg/Ca, and calcite
saturation state [the carbonate ion concentration (CO3%") of seawater]. These prior observations
indicate that many factors must be considered to fully explain the species-specific 830, offsets
measured in this study.

The vital offset results of this study were compared with those of Simstich et al. (2004),
who investigated two of the same species in offshore, river-influenced waters of the Kara Sea.
Using the same equations, they reported a 1.5%o (£0.29%0, n=55) vital offset for P.
pseudopunctillata, which 1s lower compared to this study’s value of 2.28%o (£0.71%0, n=45).
However, the average 8'30ost values measured for P. pseudopunctillata were similar in both
studies (+4.35%o [£ 0.42%o0] for this study) versus +4.95%o [ 0.41%0] (Simstich et al. 2004). The
expected calcite values in the Simstich et al. (2004) study were based upon water temperatures
from sites that were on average much colder (-1.5°C) and less saline (~31). Therefore, the
difference in vital offset values between our study results and those of Simstich et al. (2004) is
likely due to the different hydrographic conditions and 8'8Owater composition of the sampled
waters. When averaging values from areas with colder temperatures and higher river inputs, the
offset average would shift. Also, instead of using direct measurements of 8'8Oyater at the time of
sampling, Simstich et al. (2004) estimated almost half of the §'®Owater values from salinity, which

may add a source of error because the §'®Oyater -salinity relationship varies based on distance
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from runoff sources and on seasonal, annual and interannual timescales, as river inputs, wind
forcing and sea-ice processes vary (Bauch and Bauch 2001; Bauch et al., 2003; 2010; Cooper et
al., 2008).

For H. sorbyana, Simstich et al. (2004) reported a vital offset of 1.0%o (& 0.24%o0, n=42)
while this study found an offset of 2.4%o (£1.3%0, n=12). Because vital offsets have been found
to be generally constant for closely related freshwater ostracode species (e.g., von Grafenstein et
al., 1999; Decrouy, 2012; Devriendt et al., 2017), measurements from the two species in the
Heterocyprideis genus, H. sorbyana and H. fascis, were combined in Fig. 3.3n to average a
larger number of offset values over the study area and from different water masses. The station
locations where H. fascis was found were mostly in RWW, with 11 of 16 samples from localized
areas off Icy Cape and Ledyard Bay in the northeastern Chukchi Sea (Fig. 3.1). Furthermore, of
the 16 H. fascis measurements, six were replicate measurements of valves from the same sample
site in the same year. H. sorbyana inhabits a wider range of temperatures and lower salinities
than H. fascis, and it is also distributed at lower latitudes (63-71°N; Supplement Fig. 3.7). The
combined offset value for the genus Heterocyprideis in the northern Bering-Chukchi Sea region
from expected equilibrium-based isotopic fractionation was +1.6%o, which may better represent
the variability of water masses in the study area and is closer to the vital effect of +1.0%o
observed by Simstich et al. (2004). The difference in average 5'®Q,s values between these two
studies, again, likely reflects different water properties and/or the low number of samples
measured in this study. Vital offsets for the frigid, deep-sea marine (>1500 m water depth)
genera Henryhowella and Krithe from Didié and Bauch (2002), cited in Table 3.4, show

generally higher average §'®0,s values and species vital offsets.
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3.4.5 Comparison of juvenile vs. adult 8'30,s and vital offsets

Conflicting data have been published about 3'30, values of juvenile and adult
specimens, which this study has not resolved. Mazzini (2005) found differences between
measured 8'O,s values of adults and juveniles in the genus Krithe. Similarly, Bornemann et al.
(2012) reported that the variability of isotope values increased when juveniles were included in
analyses. However, Didié and Bauch (2002) reported no difference in shell 8Os results from
various Krithe molt stages. Studies of non-marine ostracodes show that juveniles and adults can
have different 'O signatures, which may reflect different seasons of calcification (Xia et al.,
1997b) and/or different calcification (Keatings et al., 2002) and metabolic rates (Xia et al.,
1997a). Due to this ambiguity, we sought to determine if there were any differences in offsets
between adult and instar molts of our species.

Comparing juvenile 8'30os and adult §'80,s offsets, the isotopic fractionation in juvenile
shells is similar to adults of N. leioderma (n=3) and P. pseudopunctillata (n=9), with an average
offset difference between juvenile and adults of 0.2%o and 0.1%e., respectively (Figs. 3.3¢c & f).
These values are within the range of analytical error. For S. bradii, the average offset difference
is 0.6%o (n=13; Fig. 3.31). It is notable that all juvenile §'0os values are in the same range as
adult values, with the exception of one N. leioderma outlier. However, despite these observations
of similar offset values between adults and juveniles, the low number of juvenile measurements

necessitates further testing before conclusions can be drawn.

3.4.6 Intra-sample replicate measurements

Most cryophilic ostracodes calcify their adult tests during summer months (Horne, 1983).

Yet at the same sampling location, coexisting ostracodes may have different §'8Oos values
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because overlapping generations attain maturity at different times and thus experience different
environmental conditions during calcification. This is expected if an individual secreted its adult
shell early in spring because it overwintered as a pre-adult (A-1) or if it matured in late autumn
and kept its adult shell until the next year and was, in turn, sampled in summer. The §'3QOos value
can be expected to be more or less heavy isotope enriched depending on seasonal variation of
8'80water and water temperature at the time the ostracode secreted its final shell. In order to
examine the variability of 3'80,s values from the same species within the same sample, 205
replicate analyses were conducted on specimens from the same sediment sample.

The measured §'%0os of individual species in individual samples showed minimal
deviation from the taxon’s average value in a given sample; intra-sample 8'30os ranged from
£0.16%o to £0.65%o. The 'O, values for replicate samples of P. pseudopunctillata (n= 39) had
the smallest average standard deviation of £0.16%o., while N. leioderma (n=52) and S. bradii (n=
96) averaged the highest standard deviations of £0.30%o and £0.28%., respectively. The average
standard deviation for all intra-8'8Q,s values was £0.24%o, which suggests that measurements
were not only precise but 8'® Qo values were fairly consistent within a sample. This confirms
that interannual and intrasample variability of 8'8Qost values is nearly as small as analytical error,
and adult valves at a sample location represent the mean summer water condition £0.2%o. These
results are consistent with the conclusion by Roberts et al. (2018) that if specimens in the same

sample calcified at different times or seasons, their §'®0 may vary by £0.2%o.
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3.4.7 The relationship of species 8'®OQo to temperature, salinity and 8'®Owater

3.4.7.1 Normanicythere leioderma

Oxygen isotope values of N. leioderma exhibited the widest range (~4%o, or from +0.6 to
+4.4%0) and were negatively correlated (p= 0.00) with summer temperature when the samples
were collected (Fig. 3.5a; overall R? =0.67), and significantly correlated with salinity (Fig. 3.5b;
overall R? =0.58) and 8'8Owater values (Fig. 3.5¢; R? =0.47). This species demonstrated
temperature-dependent fractionation that is generally similar in slope to the predicted
temperature sensitivity for carbonates of -0.23%o per 1°C (Epstein et al., 1953). The samples
collected from ACW (red-filled circles) were specifically distinguished by the §'8O,s values of
N. leioderma in warm (>4°C), less saline (<32), lower 8'®Owater, which are characteristic
properties of this water mass (Figs. 3.5a &b). The §'80. values representative of RWW were
more narrowly clustered in this colder, more saline water mass.

After the calculated vital offset was subtracted from the N. leioderma 8Os
measurements, the 8!8, value was close to expected equilibrium calcite values after accounting
for expected temperature effects. Therefore, the oxygen isotopic composition of N. leioderma
may be a valid proxy indicator of water temperature at the time of shell calcification. In order to
test this relationship, we used the following paleotemperature equation (Epstein et al., 1951,
1953; modified by Craig, 1965), which was calibrated for biogenic carbonates in a temperature
range of ~7 to 29°C. Although this temperature range is higher than observed for most of our
samples, we used it to test its applicability:

T=16.9-4.2 *(8"800st - 6'"* Owater) + 0.13 *(8'30st - 6'* Owater)?
(Note: the Epstein et al. [1953] equation was standardized with PDB-derived CO», so conversion

of 8'"%0water VSMOW to VPDB uses the currently accepted value of -0.27%o.)
90



To test how closely this predicted temperature equation matched the actual temperature at
the ostracode collection sites, the equation was solved for temperature using the measured
8'80water values and 8'80,s values. The predicted temperature for the N. leioderma samples
averaged within £1.70°C (R? = 0.57) of the actual measured temperature (Table 3.2) at the site of
collection (Supplement Fig. 3.9a).

In addition, we tested N. leioderma sample data with the Shackleton (1974) paleotemperature
equation:

T =16.9 - 4.38 (8'300st - 8% Owater) + 0.1 (8"8O00st - 83 Owater)?

(Note: 8'80water is on the VSMOW scale so 0.20 is subtracted for the conversion to VPDB, which
was the conversion at the time this equation was calibrated.)

Using this equation, the average predicted temperature was within £0.77°C (R? = 0.58) of
the actual temperature at the sample sites (Supplement Fig. 3.9b). This suggests that the 8'8Qos
values of this species may have application in downcore reconstructions for use in estimating
water temperatures. At sites where bottom water temperatures reached >8°C, both equations
predicted temperatures that were much lower than recorded temperatures. It is likely that in these
cases the ostracodes secreted their shells earlier in the season and prior to our sampling and
temperature measurement, when temperatures were cooler. At some sampling sites nearer to
shore, it is possible for temperatures to increase quickly in summer, by 3-5°C during a single
month in the Chirikov Basin and along the southeastern Chukchi coast. Part of this temperature
increase, which is higher at the sea surface, can extend to the seafloor. The correlation of this
species 880, value with temperature would likely be stronger if we could better constrain the
particular month of shell secretion because bottom temperatures in the summer can change so

rapidly. Nevertheless, these exercises show the potential for this species to be used as a
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paleotemperature proxy for the summer season. Ultimately, we conclude that oxygen isotope

fractionation in N. leioderma calcite is strongly tied to ambient water temperatures.

3.4.7.2 Paracyprideis pseudopunctillata

Despite 8'30ost values of P. pseudopunctillata varying in a narrow range (<2%o, or from
+3.4 to +5.1%o), a relationship between §'80,s and temperature (Fig. 3.5a; overall R? =0.52) and
salinity (Fig. 3.5b; overall R? =0.52; Table 3.2) was found. There was no overall correlation of
8800t t0 88 Owater (Fig. 3.5¢; R? =0.06) but ACW can be distinguished from the §'¥QO,s values in
most samples. The 880, of this species in ACW samples was typically <4%o while the §'8Os
of BSW and RWW was >4%o. Particularly in ACW samples, the §'8Qos values of P.
pseudopunctillata showed relationships to temperature (R? =0.58), salinity (R? =0.65) and
8"80water (R? =0.43; five sample locations and 14 measurements). As with N. leioderma, we
tested the paleotemperature equations with P. pseudopunctillata data and found better
temperature prediction at lower temperatures. While individual influences of temperature and
8'80water are challenging to deconvolve, as is the case with N. leioderma, the §'3Oos of this

species also demonstrated a clear relationship to water mass properties.

3.4.7.3 Sarsicytheridea bradii

Sarsicytheridea bradii, in its wide, pan-Arctic distribution, displays very broad
environmental tolerances (Supplement Figs. 3.5, 3.6; Neale and Howe, 1975; Gemery et al.,
2015), and the sample locations where it was found in our study support its eurytopic nature. Its
8800t values exhibited a narrow range of values (~+3 to 4.5%o) across a temperature range of
10°C (Fig. 3.6a) and a salinity range of four units (Fig. 3.6b; Table 3.2). Due to strong vital

effects and possibly other undetermined factors, the isotopic fractionation of '30 in S. bradii was
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not strongly driven by any environmental factors that could be distinguished. For example,
regression analysis showed its §'80,s values were not significantly related to temperature,

salinity or 8'%0water (R?=0.09, RZ2= 0.14 R?= 0.03 respectively; Figs. 3.6a, b, ¢).

3.4.7.4 Heterocyprideis spp.

The two cryophilic Heterocyprideis species measured (12 samples H. sorbyana, 16
samples H. fascis) had average 8'30os values within 0.4%o of each other, but the average
expected calcite isotopic composition, based upon thermodynamic equilibrium considerations,
diverged. H. fascis was found mostly in locations of frigid water (<0°C; Fig. 3.7a, ¢), so
equilibrium isotopic fractionation led to higher expected §'%0 values, but species vital offsets
were low. This species was not found in ACW. By comparison, H. sorbyana was found in
warmer, lower salinity sample locations (Fig. 3.7a, b) and its '3, reflects the more heavy-
1sotope depleted composition of ACW. Because the environmental conditions, especially
temperature, were so different for these two species, it is difficult to determine if the two species
fractionate oxygen isotopes in similar ways and if the species vital offsets are actually so distinct
from each other. A key limitation preventing interpretation is the small sample size for these

species.

3.5 Conclusions

This study determined calcite stable oxygen isotope values for five common high latitude
continental shelf ostracode species and investigated the environmental factors that influence shell
8!80,st values. Because most Arctic ostracodes calcify their adult tests during summer months,
we compared 880, values with summer water mass properties and the measured salinity,

temperature and §'8Owater values at the time of sampling. Measured water properties may not
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reflect the exact timing of shell calcification but intra-sample §'80os variability was only slightly
larger than analytical precision, averaging +0.2%o. This suggests that multiple 3'3Oost
measurements within an individual sample reflects an acceptably low degree of variation. The
continental shelf environment is highly variable with rapid and short-term changes in water
masses, both seasonally and regionally. This variability, for instance, is reflected by a 4% range
in the 8'800s values of a widely distributed species (N. leioderma) over areas of the N. Bering
Sea into the Chukchi Sea. Such divergent values indicate that this species occurs in a variety of
near-shore environments that experience large degrees of temperature and 8'3Owater values.

We conclude that §'80,s values of some species can be reliable recorders of changes in
temperature and isotopic composition of seawater (as reflected in salinity) and, in
turn, provenance of the water mass. Such relationships might also be present in the other studied
species but are difficult to constrain without additional research. Seasonal hydrography of
warmer and less saline ACW and very cold, saline RWW is reflected in stable isotope records of
8'80water values and particularly in §'8Q,s values of two species, N. leioderma and P.
pseudopunctillata. After accounting for vital effects and a constant offset for temperature, N.
leioderma "0, appears to best reflect the oxygen isotope composition of the ambient water.
The 8'80,s values of S. bradii reveal further influences on the isotopic composition of this
species’ shell calcite, affected by metabolic and/or environmental factors that could not be
determined. This study indicates that the isotopic composition of benthic ostracode calcite has
the potential to be used to reconstruct mean summer water mass conditions in high latitude
continental shelf environments. Future research can apply 8800 results to down-core sediments

in order to reconstruct Pleistocene and Holocene Arctic paleoceanography and support the use of
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8'800st values to help identify regional-scale changes in 8'8Owater, water masses, circulation

patterns, and ocean responses to climate variability.
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B65°N

Figures Chapter 3

Figure 3.1 Location of sediment and near-bottom water sampling stations (n=78) in the northern
Bering and Chukchi Seas used in this study. The primary summer surface currents, which can

mix to the bottom to affect the sample site’s water mass, are labeled (flow patterns adapted from

Stabeno et al., 2018 and Danielson et al., 2017).
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Figure 3.2 a.) 5'%0 values of seawater from sampling stations (listed in Table 3.2), sorted by
water mass properties versus temperature; b.) §'80 values of seawater, sorted by water mass
properties versus salinity. Simple regression analysis was conducted on all samples overall (R?>=
0.04 for temperature and R?>= 0.45 for salinity) and for samples labeled by water mass
represented with the coefficient of determination, R?, cited in the legend. The analytical error of
the mass spectrometric measurement is ~0.1%o, which is similar to the symbol size.
Abbreviations: AW= Anadyr water; ACW = Alaska coastal water, BSW= Bering Sea water;
RWW= remnant winter water
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Figure 3.3 a., d., g., j., 1.) 8"®Oost results for each species from each sample; b, e., h., k., m.)
calculated adult vital offset (difference between 6'3Qost- 8'8OQexpected) values for each respective
species with average values cited to the right; Figure 3. c., f., 1.) calculated juvenile vital offset
values for each species and average value cited to the right.
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Figure 3.4 Principal component analysis results for factor loadings that include temperature,
8'80,t, salinity, and 8'8Owater. Species are color coded as follows: N. leioderma (red); P.
pseudopunctillata (green); S. bradii (blue); H. sorbyana (purple); and H. fascis (orange); and
symbols of each respective color indicate the water mass in which the sample was collected. The
pink circular highlight represents samples primarily in the southeast Chukchi Sea (DBO3-1 to
DBO3-4) in ACW. The yellow highlight represents samples located in the northern Chukchi Sea
(DBO4, DBOS5) in BSW and RWW. The blue highlight represents samples located in the western
Chirikov Basin that are influenced by AW (DBO2) and samples located offshore in BSW.
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Figure 3.5 a.) '%0qscresults of N. leioderma (red circles) and P. pseudopunctillata (green
squares) sorted by water mass of sample versus temperature; b.) 8'%O, results sorted by water
mass of sample versus salinity; c.) §'8Owater results sorted by water mass of sample versus 'O,
(Values are not corrected for vital offsets.) Simple linear regression analysis was conducted on
samples shown in each plot (N. leioderma: R?>= 0.67 for temperature, R?>= 0.58 for salinity, R?>=
0.47 for "8 Owater; P. pseudopunctillata: R*>= 0.52 for temperature, R?>= 0.52 for salinity, R>= 0.06
for 3'"8Owater ) and for samples identified in ACW because, in some cases, the R? value supported
a significant relationship.
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Figure 3.6 §'%0,s results of S. bradii (blue triangles) sorted by water mass of sample versus
temperature; b.) 8!8, results sorted by water mass of sample collection versus salinity; c.)
8'80water results sorted by water mass of sample versus 8'80,s values. (Values are not corrected
for vital offsets.) Simple linear regression analysis was conducted on samples shown in each
plot, which show no significant relationships between one variable to predict the other variable
(R?= 0.09 for temperature, R>= 0.14 for salinity, R?>= 0.03 for §'%Owaer).
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Figure 3.7 §'Q0,s results of H. sorbyana (purple squares) and H. fascis (orange circles) sorted by
water mass of sample versus temperature; b.) §'8 O, results sorted by water mass of sample
versus salinity; c.) 8'®Owater results sorted by water mass of sample versus §'30os. (Values are not
corrected for vital offsets. Regression tests were not conducted because of too few samples.)
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Supplementary Figures Chapter 3

S3.1 Percent abundance of N. leioderma (n=158) in AOD samples (with >10 specimens of the
given taxa in a sample) plotted versus bottom water temperature, salinity, water depth and
latitude.
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S3.2 Modern distribution of N. leioderma from the AOD.
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S3.3 Percent abundance of P. pseudopunctillata (n=210) in AOD samples (with >10 specimens
of the given taxa in a sample) plotted versus bottom water temperature, salinity, water depth and

latitude.
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S3.4 Modern distribution of P. pseudopunctillata from the AOD.
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S3.5 Percent abundance of S. bradii (n=246) in AOD samples (with >10 specimens of the given
taxa in a sample) plotted versus bottom water temperature, salinity, water depth and latitude.
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S3.6 Modern distribution of S. bradii from the AOD.

1407w 150™"W 160™W 170"W 180" 170°E 160°E 150°E

0 250 500 1,000 1500 2,000 A ! (Norman 1865}
e s Kilometers \

5500 1000 200 O 160 650 1000 8000 : * Present
Meters 3 " ) *  Absent

108



S3.7 Percent abundance of H. sorbyana (n=152) and H. fascis (n=45) in AOD samples (with >10
specimens of the given taxa in a sample) plotted versus bottom water temperature, salinity, water
depth and latitude.
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S3.8 Modern distribution of H. sorbyana and H. fascis from AOD.
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S3.9a. Predicted temperature using paleotemperature equation by Epstein et al. (1953) versus
actual sample temperature; 3.9b. Predicted temperature using paleotemperature equation by
Shackleton (1974) versus actual sample temperature.
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Tables Chapter 3

Table 3.1 The summer temperature and salinity range for each water mass taken from Coachman
et al., 1975; Gong and Pickart, 2015; seawater 3'30 values from Cooper et al, 1997; and mean
data with average standard deviation (stdev) from the present study.

n=
Water mass Avg. Temp. Salinity | 6" Owater %0 VSMOW (This

range °C and stdev study)

Anadyr Water (AW) -1.0to 1.5 >32.5 ~-0.4 to -0.6 3

Alaska Coastal Water >3 30 -4to-1.5avg-1.8 73

(ACW) avg 5 - (stdev +0.48)

Bering Sea Water (BSW) 0to3 31.8-32.5 -1.5t0-0.4 31
avg 2 avg -1.3 (stdev £0.35)

Winter Water (RWW) <-1.0 avg -1.2 >31.5 -1.4/-1.5 (stdev +£0.35) 21

Melt water (MW) <2to4 24-30 -1.9 0
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Table 3.2 List of surface samples used in this study, including year of the cruise, expedition,
geographic location, water depth, 8'®Owater, bottom water temperature, salinity, water mass,
species measured, and §'8O, results. Juvenile measurements are listed below the adult samples.
Abbreviations: “Year” = Year sample collected; “Expedition” = expedition name includes either
“HLY” for USCGC Healy or “SWL” for CCGS Sir Wilfrid Laurier and the year and leg;
“Name” = sampling name, first letter refers to expedition vessel, “H” for Healy or “L” for Sir
Wilfrid Laurier, then the two digit year of collection followed by the sampling station name;
“Depth” = bottom water depth as recorded by the CTD; “8'Owater” = bottom 8'8Owater %0
VSMOW; “Temp” = near-bottom water temperature; “Sal” = near-bottom salinity; “Water mass”
= designated water mass based on properties listed in Table 3.1; “Species” = species measured
(N= N. leioderma, P= P. pseudopunctillata, S= S. bradii, HF= H. fascis, HS= H. sorbyana);

“8180,st” = ostracode shell calcite result %o VPDB.

1
Year Expedition Name (I)fltitude E\(;/ngitude E?f:) i::.t(;r S;Z?v g;ecn)lp Sal  |Water mass Ei%es isio
%0 ater %0
VSM  |%o VPD

OW [VPD B

B

2018 |HLY1801 |H18D5-10 |71.63 |-157.90 (64 [1.4 [-1.7[-1.6]|32.7 | RWW HF(3.9
2018 |HLY1801 |H18DS5-5 |71.41 |-157.45 (131 f1.1 [-1.4[-1.6]|32.7 | RWW HF|(3.9
2018 |HLY1801 |H18DS5-7 |71.50 |-157.63 (96 [1.4 [-1.7[-1.3|32.7|RWW HF(3.4
2018 |HLY1801 |HI18ICI1 71.83 [-165.97 |45 |1.5 |-1.8]-0.4|32.3 |RWW HF|(3.7
2018 |HLY1801 |HI18IC10 |71.71 |-165.60 (43 [1.6 [-1.8[-0.6|32.2 |RWW HF|3.3
2018 |HLY1801 |HI18IC9 7171 [-165.60 |43 |-1.4 |-1.6]-1.0]{32.0 | RWW HF[4.1
2018 |HLY1801 |HI18IC9 7171 [-165.60 |43 |-1.4 |-1.6]-1.0{32.0 | RWW HF|(3.6
2018 |HLY1801 |HI18IC6 7120 [-164.20 |45 |-1.6 |-1.8]-0.8]32.0 | RWW HF|(3.7
2018 |HLY1801 |HI18IC6 7120 [-164.20 |45 |-1.6 |-1.8]-0.8]32.0 | RWW HF(4.2
2018 |HLY1801 |H18ICS 71.09 [-163.80 [44 |-1.7 |-1.9]-0.2]32.1 |[RWW HF|4.1
2018 |HLY1801 |H18ICS 71.09 [-163.80 [44 |-1.7 |-1.9]-0.2]32.1 |[RWW HF(4.0
2018 |HLY1801 |H18IC4 7097 [-163.56 |46 |-1.7 |-2.0]-0.4|32.1 |[RWW HF|[3.5
2018 |HLY1801 |H18IC4 7097 [-163.56 |46 |-1.7 |-2.0]1-0.4|32.1 |[RWW HF(3.8
2018 |HLY1801 |H18LBI11 |70.06 |-167.66 [50 [1.1 [-1.3]2.5 |32.2|BSW HF(3.4
2018 |HLY1801 |H18LBI11 |70.06 |-167.66 [50 [1.1 [-1.3]2.5 |32.2|BSW HF|(3.2
2017 |HLY1702 |H17D3-1 ]68.30 |[-166.91 (33 [1.6 |-1.8]5.7 |32.1 |ACW 32
2017 |HLY1702 |H17D3-1 ]68.30 |[-166.91 (33 [1.6 |-1.8]5.7 |32.1 |ACW 34
2017 |HLY1702 |H17D5-1 |71.25 |-157.16 (46 [0.5 [-0.7[0.0 |34.4 | RWW 3.7
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 2.7
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7| ACW 2.7
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 35
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 2.8
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2018 |HLY1801 |H18D3-4 |68.14 |[-167.49 (48 [1.7 |-2.0[4.9 |31.9 | ACW 3.9
2018 |HLY1801 |HI18IC6 7120 [-164.20 |45 |1.6 |-1.8]-0.8]32.0 | RWW 3.7
2018 |HLY1801 |H18LBI11 |70.06 |-167.66 [50 [1.1 [-1.3]2.5 |32.2|BSW 3.5
2018 |HLY1801 |H18LBI11 |70.06 |-167.66 [50 [1.1 [-1.3]2.5 |32.2|BSW 34
2018 |SWL18 |LI8D3-1 |68.30 |[-166.94 (35 [2.4 |-2.6/8.3 |30.9 | ACW 2.5
2013 |HLY13-01|H13H27 72.86 [-161.22 |55 |1.6 |-1.9|-1.7|32.8 | RWW 3.5
2017 |HLY1702 |H17D3-1 |68.30 |[-166.91 (33 [1.6 |-1.8]5.7 |32.1 |ACW 1.0
2017 |HLY1702 |H17D3-4 |68.13 [-167.49 (48 [0.6 |-0.9|4.4 |32.4|ACW 2.9
2017 |HLY1702 |H17D5-7 |71.50 |-157.68 (87 [1.8 [-2.0(1.0 |32.3 |BSW 3.6
2017 |HLY1702 |H17D5-7 |71.50 |-157.68 (87 [1.8 [-2.0[1.0 |32.3 |BSW 3.1
2017 |HLY1702 |H17D5-7 |71.50 |-157.68 (87 [1.8 [-2.0[1.0 |32.3 BSW 3.7
2017 |HLY1702 |H1I7NW6 |72.73 |-162.98 (58 [0.9 [-1.2[1.5 |32.7|BSW 3.9
2017 |HLY1702 |H17S6 7096 [-161.08 |46 |-1.7 |-2.0]12.7 |32.1 |BSW 3.7
2017 |HLY1702 |H17SEl 7133 [-159.40 |55 |-2.0 |-2.310.9 |31.8|BSW 4.0
2017 |HLY1702 |H17SW3 |71.40 |-164.09 (46 [1.5 [-1.8[0.3 |32.2BSW 4.4
2018 |HLY1801 |H18D2-4 |64.96 |-169.90 (44 [1.0 [-1.3[3.1 |32.9BSW 34
2018 |HLY1801 |H18D2-4 |64.96 |-169.90 (44 [1.0 [-1.3[3.1 |32.9|BSW 33
2018 |HLY1801 |H18D2-4 |64.96 |-169.90 (44 [1.0 [-1.3[3.1 |32.9|BSW 3.2
2018 |HLY1801 |H18D2-4 |64.96 |-169.90 (44 [1.0 [-1.3[3.1 |32.9BSW 33
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7| ACW 1.3
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 1.6
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 1.4
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 0.9
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 0.8
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 1.0
2018 |HLY1801 |H18D3-2 |68.25 [-167.13 (44 [1.8 |-2.1|4.8 |31.7|ACW 2.2
2018 |HLY1801 |H18D3-2 |68.25 [-167.13 (44 [1.8 |-2.1|4.8 |31.7|ACW 1.9
2018 |HLY1801 |H18D3-2 |68.25 |[-167.13 (44 [1.8 |-2.1|4.8 |31.7|ACW 1.8
2018 |HLY1801 |H18D3-2 |68.25 [-167.13 (44 [1.8 |-2.1|4.8 |31.7|ACW 1.0
2018 |HLY1801 |H18D3-2 |68.25 [-167.13 (44 [1.8 |-2.1|4.8 |31.7|ACW 1.3
2018 |HLY1801 |H18D3-3 |68.19 [-167.30 (47 [1.5 |-1.8]4.5 |31.8| ACW 1.5
2018 |HLY1801 |H18D3-3 |68.19 [-167.30 (47 [1.5 |-1.8]4.5 |31.8 | ACW 1.5
2018 |HLY1801 |H18D3-4 |68.14 |[-167.49 (48 [1.7 |-2.0[4.9 |31.9 | ACW 3.0
2018 |HLY1801 |H18D3-4 |68.14 |[-167.49 (48 [1.7 |-2.0[4.9 |31.9 | ACW 3.0
2018 |HLY1801 |H18D3-4 |68.14 |[-167.49 (48 [1.7 |-2.0[4.9 |31.9 | ACW 3.0
2018 |HLY1801 |H18D3-5 |68.02 |-167.88 [51 [1.2 [-1.4[4.7 |32.6 | BSW 2.7
2018 |HLY1801 |HI18IC10 |71.71 |-165.60 (43 [1.6 [-1.8[-0.6]|32.2(RWW 3.5
2018 |HLY1801 |HI18IC10 |71.71 |-165.60 (43 [1.6 [-1.8[-0.6]|32.2(RWW 3.9
2018 |HLY1801 |HI18IC9 7171 [-165.60 [43 |14 |-1.6]|-1.0]32.0 | RWW 4.0
2018 |HLY1801 |HI18IC9 7171 [-165.60 [43 |14 |-1.6]|-1.0]32.0 | RWW 3.2
2018 |HLY1801 |HI18IC9 7171 [-165.60 [43 |-1.4 |-1.6]|-1.0]32.0 | RWW 3.8
2018 |HLY1801 |HI18IC9 7171 [-165.60 [43 |14 |-1.6]|-1.0]32.0 | RWW 3.2
2018 |HLY1801 |H18ICS8 71.45 [-164.92 |43 |14 |-1.6]|-1.0]32.0 | RWW 3.1
2018 |HLY1801 |HI18IC6 7120 [-164.20 |45 |1.6 |-1.8]-0.8]32.0 | RWW 3.8
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2018 |HLY1801 |HI18IC6 7120 [-164.20 [45 |1.6 |-1.8]-0.8]|32.0 | RWW 3.0
2018 |HLY1801 |HI18IC6 7120 [-164.20 |45 |1.6 |-1.8]-0.8]32.0 | RWW 33
2018 |HLY1801 |H18ICS 71.09 [-163.80 [44 |1.7 |-1.9]1-0.2]32.1 |RWW 3.8
2018 |HLY1801 |H18ICS 71.09 [-163.80 [44 |1.7 |-1.9]1-0.2]132.1 |RWW 3.8
2018 |HLY1801 |H18ICS 71.09 [-163.80 [44 |1.7 |-1.9]1-0.2]32.1 |RWW 3.2
2018 |HLY1801 |H18IC4 7097 [-163.56 [46 |-1.7 |-2.01-0.4]32.1 |RWW 3.2
2018 |HLY1801 |H18LBI11 |70.06 |-167.66 [50 [1.1 [-1.3]2.5 |32.2|BSW 2.9
2018 |HLY1801 |H18LBI11 |70.06 |-167.66 [50 [1.1 [-1.3]2.5 |32.2|BSW 3.0
2018 |HLY1801 |H18LBI11 |70.06 |-167.66 [50 [1.1 [-1.3]2.5 |32.2|BSW 3.1
2018 |HLY1801 |HI18LB13 |70.26 |-168.54 (43 [1.6 [-1.8[2.4 |31.9 | BSW 23
2018 |HLY1801 |HI18LB13 |70.26 |-168.54 (43 [1.6 [-1.8[2.4 |31.9 | BSW 2.5
2018 |HLY1801 |H18LBS5 69.50 [-165.38 |35 [-2.2 |-2.5]8.7 [30.8 |ACW 0.8
2018 |HLY1801 |H18LBS5 69.50 [-165.38 |35 [-2.2 |-2.5]8.7 [30.8 | ACW 0.6
2018 |HLY1801 |H18T2 67.16 [-168.66 |47 |-1.3 |-1.6]16.3 |32.5|BSW 2.5
2014 |SWL14 |L14D3-1 |68.30 [-166.94 (35 [2.7 |-2.9/5.5 |30.9 |ACW 1.2
2014 |SWL14 |L14D3-2 |68.24 |[-167.12 (43 [1.7 |-2.0/5.7 |31.2|ACW 33
2014 |SWL14 |L14D3-4 |68.13 [-167.50 [50 [1.0 |-1.3(3.3 |31.6 |ACW 3.0
2015 |SWL15 |LI5D3-1 |68.30 [-166.94 (35 [2.1 |-2.4]|6.0 |31.0| ACW 1.2
2015 |SWL15 |LI15D3-2 |68.24 |[-167.12 (43 [1.8 |-2.1]5.1 |31.5|ACW 1.9
2015 |SWL15 |L15D3-4 |68.13 |[-167.50 [50 [1.6 |-1.9]3.6 |31.9 | ACW 2.9
2015 |SWL15 |L15D4-2 |71.10 |-162.27 (46 [1.8 [-2.1[-1.6]32.7(RWW 4.2
2016 |SWL16 |L16BCL6 |63.92 |-172.10 (54 [1.2 [-1.5][-0.8|32.3 |BSW 4.1
2016 |SWL16 |L16D2-1 |64.67 |-169.92 |48 [-0.9 ([-1.2]0.6 [32.5|AW/BSW 3.8
2016 |SWL16 |L16D2-4 |64.96 |-169.89 |49 [-0.9 ([-1.1]|1.1 [32.7| AW/BSW 3.8
2016 |SWL16 |L16D3-1 |68.30 [-166.94 (35 [1.9 |-2.2/5.5 |31.0| ACW 1.0
2016 |SWL16 |L16D3-3 |68.19 [-167.31 [49 [1.3 |-1.6]5.7 |31.8 | ACW 1.8
2016 |SWL16 |L16D3-4 |68.13 |[-167.49 [50 [1.1 |-1.3]4.8 |31.9|ACW 2.5
2018 |SWL18 |LI18D2-0 |64.67 |-170.64 (48 [1.0 [-1.3[3.7 |32.9|BSW 3.6
2018 |SWL18 |L18D2-0 |64.67 |-170.64 (48 [1.0 [-1.3[3.7 |32.9|BSW 33
2018 |SWL18 |L18D2-1 |64.67 |-169.93 (48 [1.0 [-1.3][3.1 |32.9|BSW 3.1
2018 |SWL18 |L18D2-1 |64.67 |-169.93 (48 [1.0 [-1.3][3.1 |32.9|BSW 3.2
2018 |SWL18 |LI8D3-1 |68.30 |[-166.94 (35 [2.4 |-2.6(8.3 |30.9 | ACW 1.0
2018 |SWL18 |LI18D3-1 |68.30 |[-166.94 (35 [2.4 |-2.6/8.3 |30.9 | ACW 0.2
2018 |SWL18 |LI18D3-2 |68.24 |[-167.12 (44 [2.0 |-2.2]5.1 |31.5|ACW 1.8
2018 |SWL18 |LI18D3-2 |68.24 [-167.12 (44 [2.0 |-2.2]5.1 |31.5|ACW 0.9
2018 |SWL18 |LI18D3-3 |68.19 [-167.31 [48 [1.9 |-2.2|4.4 |31.7|ACW 1.8
2013 |HLY1301 |H13CBL11|72.10 |-165.46 (46 [1.6 [-1.9(-1.6]32.7 [RWW 5.0
2013 |HLY1301 |H13H108 |71.61 |-159.38 (49 [2.0 [-2.3[-1.7|33.1 [RWW 4.6
2013 |HLY1301 |H13H108 |71.61 |-159.38 (49 [2.0 [-2.3[-1.7|33.1 [RWW 4.5
2013 |HLY1301 |H13H27 72.86 [-161.22 |55 |1.6 |-1.9]-1.7]|32.8 | RWW 4.8
2013 |HLY1301 |H13H29 7193 [-15833 |60 [-2.2 |-2.5]|-1.6]32.6 | RWW 4.6
2017 |HLY1702 |H17D3-4 |68.13 [-167.49 (48 [0.6 |-0.9|4.4 |32.4|ACW 4.6
2017 |HLY1702 |H17E10 71.64 [-158.06 |59 |-2.0 |-2.31-0.6]32.0 |BSW 4.5
2017 |HLY1702 |H17E8 71.72 [-158.88 |55 |-2.0 ]-2.3]-0.4|32.1 | BSW 5.1
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2017 [HLY1702 [HI7NNE4 [72.59 [-161.36 [46 [-1.4 [-1.6]1.6 [32.5][BSW 4.7
2017 [HLY1702 [HI7NNE4 [72.59 [-161.36 46 [-1.4 [-1.6]1.6 [32.5]|BSW 4.7
2017 [HLY1702 [HI7NNE4 [72.59 [-161.36 |46 |-1.4 |-1.6]1.6 [32.5|BSW 43
2017 [HLY1702 [HI7NNE4 [72.59 [-161.36 [46 |-1.4 |-1.6]1.6 [32.5|BSW 4.6
2017 [HLY1702 [HI17SE3  [71.49 [-159.91 [50 [-1.8 [-2.1[0.0 [32.1|BSW 45
2017 [HLY1702 [HI17SE3  [71.49 [-159.91 [50 [-1.8 [-2.1[0.0 [32.1|BSW 4.6
2017 [HLY1702 [HI7SE9 |71.98 |-162.08 [33 [1.3 [-1.6[2.5 [31.9|BSW 43
2017 [HLY1702 [HI17SE9  [71.98 [-162.08 [33 [1.3 [-1.6[2.5 [31.9|BSW 44
2017 |HLY1702 [HI7W4 7221 |-164.16 |41 [1.5 [-1.7]32 [32.6|ACW 4.7
2018 [HLY1801 [HISD3-2 [68.25 |-167.13 [44 [1.8 [-2.1[4.8 [31.7|ACW 3.7
2018 [HLY1801 [HI8D3-3 [68.19 |-167.30 [47 [1.5 |-1.8[4.5 [31.8|ACW 3.6
2018 [HLY1801 [HISD3-4 [68.14 |-167.49 [48 [1.7 [-2.0[4.9 [31.9|ACW 4.7
2018 |HLY1801 |HI18D4-5N [71.61 |-161.62 |47 [1.1 [-1.4[-1.6[32.7|RWW 4.6
2018 [HLY1801 |[HI8D5-10 [71.63 |-157.90 64 [1.4 [-1.7]-1.6[32.7|[RWW 45
2018 [HLY1801 [HI8D5-10 [71.63 |-157.90 64 [1.4 [-1.7]-1.6[32.7|RWW 4.7
2018 [HLY1801 |[HI8D5-10 [71.63 |-157.90 64 [1.4 [-1.7|-1.6[32.7|RWW 5.0
2018 [HLY1801 [HISICI1 |71.83 |-165.97 45 [1.5 [-1.8[-0.4[323|RWW 42
2018 [HLY1801 [HISICI1 |71.83 |-165.97 [45 [1.5 [-1.8[-0.4[323|RWW 44
2018 [HLY1801 [HISICI0 [71.71 |-165.60 [43 [1.6 [-1.8[-0.6[322|RWW 43
2018 [HLY1801 [HISICI0 [71.71 |-165.60 [43 [1.6 [-1.8[-0.6[322|RWW 4.1
2018 [HLY1801 [HISICO |71.71 |-165.60 43 [1.4 [-1.6-1.0[32.0|RWW 4.7
2018 [HLY1801 [HISICO |71.71 |-165.60 [43 [1.4 [-1.6-1.0[32.0|RWW 3.9
2018 [HLY1801 [HISICO |71.71 |-165.60 43 [1.4 [-1.6-1.0[32.0|RWW 43
2018 [HLY1801 [HISICS |71.45 |-164.92 [43 |14 [-1.6-1.0[32.0|RWW 45
2018 [HLY1801 |HISICS |71.45 |-164.92 [43 [1.4 [-1.6-1.0[32.0|RWW 42
2018 [HLY1801 |HISICS |71.45 |-164.92 [43 [1.4 [-1.6-1.0[32.0|RWW 44
2018 [HLY1801 [HISIC7 [71.34 |-164.61 [45 [1.3 [-1.6[-1.0[32.1|RWW 45
2018 [HLY1801 [HISIC7 |71.34 |-164.61 |45 [1.3 [-1.6-1.0[32.1[RWW 44
2018 [HLY1801 [HISIC7 |71.34 |-164.61 45 [1.3 [-1.6-1.0[32.1[RWW 4.6
2018 [HLY1801 [HISLB7 |69.68 |-166.09 [42 [1.7 [-2.0[6.7 [31.6|ACW 3.6
2018 [HLY1801 [HISLB7 [69.68 |-166.09 [42 [1.7 [-2.0[6.7 [31.6|ACW 3.6
2018 [HLY1801 [HISLB7 [69.68 |-166.09 [42 [1.7 [-2.0]6.7 [31.6|ACW 3.7
2018 [HLY1801 [HISLB7 |69.68 |-166.09 [42 [1.7 [-2.0[6.7 [31.6|ACW 3.9
2018 [SWLIS [LI8D3-1 [68.30 |-166.94 [35 [2.4 [-2.6(8.3 [30.9|ACW 3.4
2018 [SWLI8 [LI8D3-1 [68.30 |-166.94 [35 [2.4 [-2.6(8.3 [30.9|ACW 3.4
2018 [SWLIS [LI8D3-5 [68.01 |-167.87 [54 [1.3 [-1.6[4.3 [32.4|BSW 4.6
2018 [SWLI8 |LI8D3-5 [68.01 |-167.87 [54 [1.3 [-1.6[4.3 [32.4|BSW 4.1
2013 [HLY1301 [HI3H17 [71.99 |-163.38 [41 [1.5 [-1.7|-1.6[32.7|RWW 42
2013 [HLY1301 [HI3H29 [71.93 |-15833 [60 [2.2 [-2.5(-1.6[32.6|[RWW 3.8
2017 [HLY1702 [H17D3-1 [68.30 |-166.91 [33 [1.6 |-1.9]5.7 [32.1|ACW 4.1
2017 [HLY1702 [H17D3-1 [68.30 |-166.91 [33 [1.6 |-1.8]5.7 [32.1|ACW 2.9
2017 [HLY1702 [H17D3-1 [68.30 |-166.91 [33 [1.6 |-1.8]5.7 [32.1|ACW 3.1
2017 |HLY1702 |[H17D3-2 |68.24 |-167.12 |44 [1.4 [-1.6]52 [32.3[ACW 45
2017 |HLY1702 [H17D3-2 |68.24 |-167.12 |44 [1.4 [-1.6]52 [323[ACW 3.9
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2017 |HLY1702 |H17D3-2 |68.24 |[-167.12 (44 [1.4 |-1.6]5.2 |32.3|ACW 3.6
2017 |HLY1702 |H17D3-2 |68.24 |[-167.12 (44 [1.4 |-1.6]5.2 |32.3|ACW 3.8
2017 |HLY1702 |H17D3-4 |68.13 [-167.49 [48 [0.6 |-0.9|4.4 |32.4|ACW 4.2
2017 |HLY1702 |H17D5-1 |71.25 |-157.16 (46 [0.5 [-0.7[0.0 |34.4 [RWW 3.7
2017 |HLY1702 |H17D5-1 |71.25 |-157.16 (46 [0.5 [-0.7[0.0 |34.4 [RWW 3.7
2017 |HLY1702 |H17D5-1 |71.25 |-157.16 (46 [0.5 [-0.7[0.0 |34.4 [RWW 3.8
2017 |HLY1702 |H17D5-1 |71.25 |-157.16 (46 [0.5 [-0.7[0.0 |34.4 [RWW 3.2
2017 |HLY1702 |H17D5-7 |71.50 |-157.68 (87 [1.8 [-2.0[1.0 |32.3 BSW 4.5
2017 |HLY1702 |H17D5-7 |71.50 |-157.68 (87 [1.8 [-2.0(1.0 |32.3 |BSW 4.0
2017 |HLY1702 |H17D5-7 |71.50 |-157.68 (87 [1.8 [-2.0[1.0 |32.3 |BSW 39
2017 |HLY1702 |H17NW10 |72.23 |-162.30 (37 [1.8 [-2.1{0.9 |31.9 BSW 3.9
2017 |HLY1702 |H1I7NW6 |72.73 |-162.98 (58 [0.9 [-1.2[1.5 |32.7|BSW 4.2
2017 |HLY1702 |H17S6 7096 [-161.08 |46 |-1.7 |-2.0]12.7 |32.1 |BSW 4.0
2017 |HLY1702 |H17SEl 7133 [-159.40 |55 |-2.0 |-2.310.9 |31.8|BSW 4.1
2017 |HLY1702 |H17W2 72.12 [-163.24 |41 |-1.5 |-1.710.9 |32.4|BSW 4.3
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 4.2
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 4.2
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 3.8
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 4.0
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 3.8
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 3.8
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 3.8
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 4.1
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 4.1
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 4.1
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 3.8
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 4.5
2018 |HLY1801 |H18D2-2 |64.68 |-169.10 (47 [1.0 [-1.3[3.7 |32.9|BSW 4.4
2018 |HLY1801 |H18D2-3 |64.67 |-168.23 (39 [1.4 [-1.7]6.4 |32.4|BSW 4.1
2018 |HLY1801 |H18D2-3 |64.67 |-168.23 (39 [1.4 [-1.7]6.4 |32.4|BSW 4.1
2018 |HLY1801 |H18D2-3 |64.67 |-168.23 (39 [1.4 [-1.7]/6.4 |32.4|BSW 4.4
2018 |HLY1801 |H18D2-4 |64.96 |-169.90 (44 [1.0 [-1.3[3.1 |32.9|BSW 4.1
2018 |HLY1801 |H18D2-4 |64.96 |-169.90 (44 [1.0 [-1.3[3.1 |32.9|BSW 3.9
2018 |HLY1801 |H18D2-4 |64.96 |-169.90 (44 [1.0 [-1.3[3.1 |32.9|BSW 4.5
2018 |HLY1801 |H18D2-4 |64.96 |-169.90 (44 [1.0 [-1.3[3.1 |32.9|BSW 4.2
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 35
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 3.0
2018 |HLY1801 |H18D3-1 |68.30 |[-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 3.0
2018 |HLY1801 |H18D3-1 |68.30 [-166.93 (35 [2.5 |-2.8|8.4 |30.7 | ACW 33
2018 |HLY1801 |H18D3-2 |68.25 |[-167.13 (44 [1.8 |-2.1|4.8 |31.7|ACW 4.2
2018 |HLY1801 |H18D3-2 |68.25 [-167.13 (44 [1.8 |-2.1|4.8 |31.7|ACW 3.0
2018 |HLY1801 |H18D3-2 |68.25 |[-167.13 (44 [1.8 |-2.1|4.8 |31.7|ACW 3.2
2018 |HLY1801 |H18D3-3 |68.19 [-167.30 (47 [1.5 |-1.8]4.5 |31.8 | ACW 4.2
2018 |HLY1801 |H18D3-3 |68.19 [-167.30 (47 [1.5 |-1.8]4.5 |31.8 | ACW 3.6
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2018 |HLY1801 |H18D3-4 |68.14 |[-167.49 (48 [1.7 |-2.0[4.9 |31.9 | ACW 3.9
2018 |HLY1801 |H18D3-4 |68.14 |[-167.49 (48 [1.7 |-2.0[4.9 |31.9 | ACW 3.8
2018 |HLY1801 |H18D3-4 |68.14 |[-167.49 (48 [1.7 |-2.0[4.9 |31.9 | ACW 3.8
2018 |HLY1801 |H18D3-4 |68.14 |[-167.49 (48 [1.7 |-2.0[4.9 |31.9|ACW 4.5
2018 |HLY1801 |H18D3-4 |68.14 |[-167.49 (48 [1.7 |-2.0[4.9 |31.9 | ACW 4.4
2018 |HLY1801 |H18D4-1N |71.09 |-161.19 (48 [1.6 [-1.9[-1.6]32.7 [RWW 3.8
2018 |HLY1801 |H18D4-1N |71.09 |-161.19 (48 [1.6 [-1.9[-1.6]32.7 [RWW 3.7
2018 |HLY1801 |H18D4-5N |71.61 |-161.62 (47 1.1 [-1.4[-1.6]32.7(RWW 4.1
2018 |HLY1801 |H18DS5-1 |71.25 [-157.14 (45 [2.1 |-2.4]|4.6 |31.1 |ACW 4.0
2018 |HLY1801 |H18DS5-1 |71.25 [-157.14 (45 [2.1 |-2.4]|4.6 |31.1 |ACW 3.6
2018 |HLY1801 |H18DS5-1 |71.25 [-157.14 (45 [2.1 |-2.4]4.6 |31.1 |ACW 3.7
2018 |HLY1801 |H18DS5-1 |71.25 [-157.14 (45 [2.1 |-2.4]4.6 |31.1 |ACW 3.9
2018 |HLY1801 |H18DS5-1 |71.25 [-157.14 (45 [2.1 |-2.4]|4.6 |31.1 |ACW 4.7
2018 |HLY1801 |H18DS5-1 |71.25 [-157.14 (45 [2.1 |-2.4]4.6 |31.1 |ACW 3.8
2018 |HLY1801 |H18D5-10 |71.63 |-157.90 (64 [1.4 [-1.7[-1.6]|32.7(RWW 4.1
2018 |HLY1801 |H18DS5-2 |71.29 |-157.22 (56 [1.9 [-2.1[1.8 |31.7BSW 3.8
2018 |HLY1801 |H18DS5-2 |71.29 |-157.22 (56 [1.9 [-2.1[1.8 |31.7BSW 3.2
2018 |HLY1801 |H18DS5-2 |71.29 |-157.22 (56 [1.9 [-2.1[1.8 |31.7BSW 3.9
2018 |HLY1801 |H18DS5-2 |71.29 |-157.22 (56 [1.9 [-2.1[1.8 |31.7BSW 4.9
2018 |HLY1801 |H18DS5-2 |71.29 |-157.22 (56 [1.9 [-2.1[1.8 |31.7BSW 3.7
2018 |HLY1801 |H18DS5-2 |71.29 |-157.22 (56 [1.9 [-2.1[1.8 |31.7BSW 4.0
2018 |HLY1801 |H18DS5-7 |71.50 |-157.63 (96 [1.4 [-1.7[-1.3]|32.7(RWW 4.0
2018 |HLY1801 |H18IC2 70.72 [-162.86 |43 |-1.4 |-1.6]|1.4 |32.2|BSW 3.9
2018 |HLY1801 |H18IC2 70.72 [-162.86 |43 |-1.4 |-1.6]|1.4 |32.2|BSW 3.5
2018 |HLY1801 |H18IC2 70.72 [-162.86 |43 |-1.4 |-1.6]|1.4 |32.2|BSW 4.0
2018 |HLY1801 |H18IC2 70.72 [-162.86 |43 |-1.4 |-1.6]|1.4 |32.2|BSW 4.0
2018 |HLY1801 |HI18IC9 7171 [-165.60 [43 |-1.4 |-1.6]|-1.0]32.0 | RWW 4.2
2018 |HLY1801 |HI18IC9 7171 [-165.60 [43 |14 |-1.6]|-1.0]32.0 | RWW 3.9
2018 |HLY1801 |H18ICS8 71.45 [-164.92 |43 |14 |-1.6]|-1.0]32.0 | RWW 4.1
2018 |HLY1801 |H18ICS8 71.45 [-164.92 |43 |14 |-1.6]|-1.0]32.0 | RWW 3.8
2018 |HLY1801 |H18IC7 7134 [-164.61 |45 |1.3 |-1.6]|-1.0]32.1 |RWW 4.2
2018 |HLY1801 |HI18IC6 7120 [-164.20 [45 |1.6 |-1.8]-0.8]|32.0 | RWW 4.2
2018 |HLY1801 |HI18IC6 7120 [-164.20 |45 |1.6 |-1.8]-0.8]32.0 | RWW 3.8
2018 |HLY1801 |HI18IC6 7120 [-164.20 [45 |1.6 |-1.8]-0.8]32.0 | RWW 3.7
2018 |HLY1801 |H18ICS 71.09 [-163.80 [44 |1.7 |-1.9]1-0.2]132.1 |RWW 3.9
2018 |HLY1801 |H18IC4 7097 [-163.56 [46 |-1.7 |-2.01-0.4]32.1 |RWW 3.9
2018 |HLY1801 |H18IC4 7097 [-163.56 [46 |-1.7 |-2.01-0.4]32.1 |RWW 3.8
2018 |HLY1801 |H18LBI11 |70.06 |-167.66 [50 [1.1 [-1.3]2.5 |32.2|BSW 3.9
2018 |HLY1801 |HI18LB13 |70.26 |-168.54 (43 [1.6 [-1.8[2.4 |31.9BSW 4.2
2018 |HLY1801 |H18LB9 69.88 [-166.82 |47 |-1.6 |-1.9]4.8 [31.9|ACW 3.8
2018 |HLY1801 |H18LB9 69.88 [-166.82 |47 |-1.6 |-1.9]4.8 [31.9|ACW 3.9
2018 |HLY1801 |H18LB9 69.88 [-166.82 |47 |-1.6 |-1.9]4.8 [31.9|ACW 3.2
2018 |HLY1801 |H18T]1 66.42 [-168.68 |57 |-1.4 |-1.7]15.3 |32.6 |BSW 4.3
2001 |SWLO1 LO1D2-4 ]164.99 |-169.14 (46 [-0.7 [-0.9]-0.2]132.6 | AW/BSW 4.7
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2014 |SWL14 L14D3-1 68.30 [-166.94 |35 2.7 |-2.9]5.5 [309|ACW 3.5
2014 |SWL14 L14D3-2 |68.24 |-167.12 (43 |1.7 [-2.0]5.7 |31.2|ACW 3.9
2014 |SWL14 L14D3-4 |68.13 |-167.50 (50 }-1.0 [-1.3]3.3 |31.6 |ACW 4.0
2015 [SWL15 L15D3-1 68.30 [-166.94 |35 [2.1 |-2.4]6.0 [31.0 | ACW 3.6
2015 [SWL15 L15D3-2 |68.24 |-167.12 (43 }-1.8 [-2.1]5.1 |31.5]ACW 4.2
2015 [SWL15 L15D3-4 |68.13 |-167.50 (50 [-1.6 [-1.9]3.6 |31.9| ACW 3.8
2015 |SWLI15 L15D4-2  |71.10 [-162.27 [46 [1.8 |-2.1[-1.6]32.7|RWW 4.1
2015 |SWLI15 L15D5-2  |71.29 [-157.25 |57 }2.2 |-2.5[-1.3]32.2 |RWW 3.9
2016 |SWLI16 L16D2-1 64.67 [-169.92 148 [-0.9 |-1.210.6 [32.5| AW/BSW 4.5
2016 [SWLI16 L16D2-4 |64.96 [-169.89 [49 |09 |-1.1|1.1 |32.7 | AW/BSW 4.7
2016 [SWLI16 L16D2-5 |64.99 [-169.14 [49 [0.9 |-1.2]0.0 |32.2 | BSW 4.2
2016 [SWLI16 L16D3-1 68.30 [-166.94 |35 1.9 [-2.2]5.5 [31.0 | ACW 3.2
2016 [SWLI16 L16D3-3 |68.19 |-167.31 (49 [-1.3 [-1.6]5.7 |31.8 |ACW 3.6
2016 [SWLI16 L16D3-4 |68.13 |-167.49 (50 [-1.1 [-1.3]4.8 |31.9| ACW 4.0
2016 |SWLI16 L16D4-2 [71.10 |-162.26 (49 |1.1 [-1.4(-1.6|32.2|RWW 4.1
2018 [SWL18 L18D2-1 64.67 [-169.93 |48 [-1.0 |-1.3(3.1 [32.9|BSW 4.4
2018 [SWL18 L18D2-1 64.67 [-169.93 |48 [1.0 |-1.3(3.1 [32.9|BSW 4.0
2018 [SWL18 L18D2-2 |64.68 [-169.10 (45 [1.1 |-1.4{3.9 |32.7 | BSW 4.2
2018 [SWL18 L18D2-3 |64.67 |-168.24 (38 [1.5 |-1.8(3.9 |32.0 | BSW 4.0
2018 [SWL18 L18D2-7 |65.00 |[-168.22 [46 [1.4 |-1.7(3.7 |32.2 | BSW 33
2018 [SWL18 L18D3-1 68.30 [-166.94 |35 2.4 |-2.6]/8.3 [30.9|ACW 3.1
2018 [SWL18 L18D3-1 68.30 [-166.94 |35 2.4 |-2.6]/8.3 [309|ACW 3.1
2018 |SWLIS L18D3-2 |68.24 |-167.12 (44 }-2.0 [-2.2]5.1 |31.5]ACW 2.9
2018 |SWLIS L18D3-2 |68.24 |-167.12 (44 }-2.0 [-2.2]5.1 |31.5]ACW 34
2018 [SWL18 L18D3-3 |68.19 |-167.31 (48 [-1.9 [-2.2]14.4 |31.7|ACW 3.9
2018 [SWL18 L18D3-3 |68.19 |-167.31 (48 [-1.9 [-2.2]14.4 |31.7|ACW 3.9
2018 [SWL18 L18D3-4 |68.13 |-167.49 (49 |-1.5 [-1.8]4.1 |31.8 |ACW 34
2018 [SWL18 L18D3-4 |68.13 |-167.49 (49 |-1.5 [-1.8]4.1 |31.8 |ACW 34
Juveniles
2018 |HLY1801 |H18D2-2j |64.68 [-169.10 (47 [-1.0 |-1.3]3.7 |32.9 3.8
2018 |HLY1801 |H18D2-2j |64.68 [-169.10 (47 [-1.0 |-1.3]3.7 |32.9 3.7
2018 |HLY1801 |H18D2-2j |64.68 [-169.10 (47 [-1.0 |-1.3]3.7 |32.9 3.6
2018 |HLY1801 |H18D2-2j |64.68 [-169.10 (47 [-1.0 |-1.3]3.7 |32.9 3.2
2018 |HLY1801 |H18D2-2j |64.68 [-169.10 (47 [-1.0 |-1.3]3.7 |32.9 3.7
2018 |HLY1801 |H18D2-2j |64.68 [-169.10 (47 [-1.0 |-1.3]3.7 |32.9 3.7
2017 |HLY1702 |H17D3-4j |68.13 [-167.49 (48 [-0.6 |-0.9]|4.4 |32.4 4.5
2018 |HLY1801 |H18IC6j 71.20 [-164.20 |45 [1.6 |-1.8]-0.8(32.0 4.2
2018 |HLY1801 |H18IC6j 71.20 [-164.20 |45 [1.6 |-1.8]-0.8(32.0 3.9
2018 |HLY1801 |H18IC2j 71.70 [-165.60 |43 [1.6 |-1.8(1.4 [32.2 3.9
2013 |HLY1301 |H13H29; |71.93 [-158.33 [60 [2.2 |-2.5]|-1.6]32.6 3.8
2013 |HLY1301 |H13H17j |71.99 |-163.38 (41 [1.5 [-1.7[-1.6]32.7 4.1
2013 |HLY1301 |H13H27; |72.86 |-161.22 (55 [1.6 [-1.9(-1.7]|32.8 3.8
2013 |HLY1301 {H13CBLI11|72.10 [-165.46 |46 |-1.6 |-1.9]|-1.6]32.7 4.4
2013 |HLY1301 |H13H108; |71.61 |-159.38 {49 [2.0 [-2.3[-1.7]33.1 4.1
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2013 |HLY1301 [H13H29; |71.93 |-158.33 |60 [2.2 ([-2.5]|-1.6(32.6 4.6
2013 |HLY1301 [H13H29; |71.93 |-158.33 |60 [2.2 ([-2.5]|-1.6(32.6 4.7
2017 |HLY1702 |H17D3-4j |68.13 |-167.49 |48 [-0.6 [-0.9|4.4 (324 3.5
2018 |HLY1801 [H18D3-1j |68.30 |-166.93 |35 [-2.5 [-2.8]8.4 [30.7 23
2018 |HLY1801 [H18D3-1j |68.30 |-166.93 |35 [-2.5 [-2.8]8.4 [30.7 1.2
2018 |HLY1801 [H18ICYj 7171 [-165.60 [43 |1.4 |-1.6]|-1.0]32.0 4.1
2018 |HLY1801 [H18ICSj 71.45 |[-164.92 |43 |14 |-1.6]|-1.0]32.0 4.5
2018 |HLY1801 [H18IC6j 71.20 [-164.20 [45 |1.6 |-1.8]-0.8]32.0 3.8
2018 |HLY1801 [H18LB7; |69.68 |-166.09 |42 [-1.7 [-2.0]|6.7 [31.6 35
2018 |HLY1801 [H18LB7; |69.68 |-166.09 |42 [-1.7 [-2.0]|6.7 [31.6 34
2018 |HLY1801 [H18LB7; |69.68 |-166.09 |42 [-1.7 [-2.0]|6.7 [31.6 35
2001 |SWLO1 LOIUTN3j |67.33 |-169.00 |47 [-0.7 (-1.0]1.8 |32.7 3.5
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Table 3.3 Average bottom seawater §'%0 values at sampling stations during years 2014-2018 and
standard deviation of those values. Shaded rows list average seawater 3'30 value and standard
deviation for the DBO transect indicated. Note "*" represents station sites where only three years
of data within the 2014-2018 period were available.

Avg
8'80%o stdev
Station VSMOW | §'30%o
DBO2-1 -1.0 0.15
DBO2-2 -1.1 0.15
* | DBO2-3 -14 0.09
DBO2-4 -1.0 0.12
DBO2-5 -1.2 0.25
DBO?2 line -1.1 0.15
DBO3-1 2.2 0.41
DBO3-2 -1.7 0.22
DBO3-3 -1.5 0.24
DBO3-4 -1.3 0.44
DBO3-5 -1.2 0.21
DBO3-6 -1.0 0.30
DBO3-7 -1.1 0.37
DBO3-8 -1.1 0.27
DBO3 line -1.4 0.31
DBO4-1 -1.7 0.51
DBO4-2 -1.5 0.34
DBO0O4-3 -1.5 0.34
DBO4-4 -14 0.74
DBO4-5 -1.5 0.33
DBO4-6 -14 0.18
DBO4 line -1.5 0.41
DBO5-1 2.1 0.96
DBO5-2 -2.0 0.77
DBO5-3 -14 0.54
DBO5-4 -1.5 0.50
DBO5-5 -1.5 0.52
* | DBOS5-6 -1.7 0.48
* | DBOS5-7 2.0 0.73
* | DBOS5-8 -1.9 0.37
* | DBO5-9 -1.9 0.51
* | DBO5-10 2.1 0.84
DBOS line -1.8 0.62
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Table 3.4 Average 6'30 and average expected §'0 values of equilibrium calcite for adult
ostracode taxa from surface samples in this study (shaded blue) and other studies (not shaded)
and their respective vital offsets determined by the equations cited in Methods section 3.3.4.
Other studies include: [1] Ingram, 1998; [2] Simstich et al., 2004; [3] Didié and Bauch, 2002.

Taxon Avg. adult |n= |Comparable A ; dIAvg. adult |Comparable
ostracode studies avg. dVglt g)l(Sp S;e vital offset [studies' avg.
5'80%o ostracode IE\IIIlJDB doo %o and stdev [vital offset %o
VPDB 5'80%o o f}r}ll |(This study) [and stdev
and stdev [VPDB and ISt ZV' ( dls [Source other
(This stdev - lihy artl d studies]
study) [Source [other study])
other
studies]
2.62 (£1.10) | 75 1.52 (£1.15) J1.1 (£0.57)
4.35(£0.42) | 45 [4.95 (£0.41)[2]]2.08 (£0.95) |2.3 (0.71) |1.5(+0.29)[2]
3.89 (x0.41) | 123 1.71 (£1.01) J2.2 (+0.92)
S. bradii and 2.18t0 3.35[1]
S.punctillata
S.punctillata 4.83 (£0.27)[2] 1.0 (£0.26)[2]
H. sorbyana 3.25 (£0.46) | 12 |4.65 (+0.26)[2]]0.83 (£1.56) |2.4 (+1.26) |1.0 (+0.24)[2]
H. fascis 3.73 (£0.30) | 16 2.77 (£0.28) 1.0 (£0.34)
combined H. fascis 3.52 (£0.44) | 28 1.91 (£1.43) 1.6 (£1.14)
and H. sorbyana
Krithe 5.91 (x0.15)[3]]4.57[3] 1.3 (£0.26)[3]
Henryhowella 4.96 (+0.05)[3]14.57[3] 0.5 (+0.04)[3]
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4.1 Abstract

A 2,000 year-long oceanographic history, in sub-centennial resolution, from a Canadian
Beaufort Sea continental shelf site (60-meters water depth) near the Mackenzie River outlet is
reconstructed from ostracode and foraminifera faunal assemblages, shell stable isotopes (3'%0,
8'3C) and sediment biogenic silica. The chronology of three sediment cores making up the
composite section was established using '3’Cs and ?!°Pb dating for the most recent 150 years and
combined with linear interpolation of radiocarbon dates from bivalve shells and foraminifera
tests. Continuous centimeter-sampling of the multicore and high-resolution sampling of a gravity
and piston core yielded a time-averaged faunal record of every ~40 years from 0 to 1850 CE and
every ~24 years from 1850 to 2013 CE. Proxy records were consistent with temperature
oscillations and related changes in organic carbon cycling associated with the Medieval Climate
Anomaly (MCA) and the Little Ice Age (LIA). Abundance changes in dominant microfossil
species, such as the ostracode Paracyprideis pseudopunctillata and agglutinated foraminifers
Spiroplectammina biformis and S. earlandi, are used as indicators of less saline, and possibly
disturbed/turbid bottom conditions associated with the MCA (~800-1200 CE) and the most
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recent ~60 years (1950-2013). During these periods, pronounced fluctuations in these species
suggest that prolonged seasonal sea-ice melting, changes in riverine inputs and sediment
dynamics affected the benthic environment. Taxa analyzed for stable oxygen isotope
composition of carbonates show the lowest §'30 values during intervals within the MCA and the
highest during the late LIA, which is consistent with a 1° to 2°C cooling of bottom waters.
Faunal and isotopic changes during the cooler LIA (1300-1850 CE) are most apparent at ~1500-
1850 CE and are particularly pronounced during 1850 to ~1900 CE, with a ~0.5 per mil increase
in 8'80 values of carbonates from median values in the analyzed taxa. This very cold 50-year
period suggests that enhanced summer sea ice suppressed productivity, which is indicated by low
sediment biogenic silica values and lower §'3C values in analyzed species. From 1900 CE to
present, declines in calcareous faunal assemblages and changes in dominant species (Cassidulina
reniforme and P. pseudopunctillata) are associated with inhospitable bottom water conditions,
such as turbidity or acidification, indicated by a peak in agglutinated foraminifera from 1950-

1990 CE.

4.2 Introduction

The recent acceleration of Arctic Ocean warming (Timmermans et al., 2018), freshwater
storage (Proshutinsky et al., 2019), river discharge (Rawlins et al., 2010; Rood et al., 2017) and
declines in sea ice extent, concentration and duration (Frey et al., 2015; Wood et al., 2015;
Comiso et al., 2017) provide motivation to better understand past natural climate variability in
the Arctic. Proxy data from natural archives can provide a context for anthropogenically
influenced climate change, and extend climate records back in time from the available

instrumental observations (e.g. PAGES 2k Consortium, 2013). However, understanding the
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Arctic's response to Holocene climate change is difficult due to limited records with high spatial
and temporal resolutions.

In this study, we infer paleoenvironmental signals from multiple proxy records at a
continental shelf site in the Canadian Beaufort Sea over the past 2 millennia. The data were
obtained using a set of composite cores collected from a mean water depth of 60m — a jumbo
piston core (JPC32), a gravity core (GGC30) and a multicore (MC29) — that were collected
during a U.S. Coast Guard Cutter Healy 2013 (HLY 1302) expedition (Fig. 4.1). We constrain the
timing of Medieval Climate Anomaly (MCA) and Little Ice Age (LIA) climatic fluctuations in
this region using biogenic silica (opal), microfossil faunal assemblages and stable oxygen and
carbon isotope ratios from a dominant ostracode species, Paracyprideis pseudopunctillata, and a
benthic foraminiferal species, Cassidulina teretis s..

Oxygen isotopes (8'%0) of ostracode and foraminifera shell calcite can provide insights
into benthic environmental change, including recording temperature variability and possibly sea
ice change (such as increased salinity due to brine rejection from ice formation) or river water
mixing to the seafloor. Water masses, and thus 3'30 values, in this region are affected not only
by Pacific Water advected from the Bering and Chukchi Sea shelves but by localized processes,
such as upwelling/downwelling, vertical mixing, sea ice freeze-up and melt-back, and Mackenzie
River discharge. Since cryophilic ostracodes calcify and molt their shells during warmer months
to an adult stage in order to reproduce (Horne, 1983; Athersuch et al., 1989), the 6'0 values of
ostracodes reflect a summer water mass (Gemery et al., 2021b). Carbon isotope variation
(expressed as 8'3C) reflects the composition of dissolved inorganic carbon (DIC) in seawater in
which the shell calcified. In addition to specific bottom water microhabitats where the animal

lives, 8'*C values may also be influenced by the organism's food sources and, like calcite 6'30,
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species-specific vital effects from shell calcification processes (stemming from the incorporation
of metabolic CO; into the shell; Xia et al., 1997a,b; von Grafenstein et al., 1999; Wefer and
Berger 1991; Rohling and Cooke, 1999; Mackensen et al., 2000). Marine ostracodes are
herbivores and detritivores (Smith & Horne, 2002), feeding on particulate organic matter that
reaches the sea floor and/or microbial components (Elofson, 1941). 8'3C values at the sediment
interface are affected by organic carbon flux rates to the sea floor (Buzas et al., 1993). Generally,
higher productivity results in higher §!*C values in the dissolved inorganic carbon that is
incorporated into the shell. Lower (more negative) 6'°C values may indicate periods with less
export of productivity to the seafloor and DIC from terrestrial carbon sources or microbial
reworking. Reviews of stable oxygen and carbon isotopes in benthic ostracodes and foraminifera

can be found in Holmes and Chivas (2002) and Ravelo and Hillaire-Marcel (2007).

4.2.1 Arctic climate variability during the last 2,000 years

Proxy records and models that examine the middle-late Holocene, north of 60°N, support
a long cooling trend (i.e. the Neoglacial) beginning between 6 and 3 kyr ago, depending on the
particular proxy examined, and extending until the late 20th century (Kaufman et al., 2009;
Miller et al., 2010). The cooling during the late Holocene has been linked to the orbitally driven
decrease in summer insolation, sulfates from volcanic eruptions, and the Maunder sunspot
Minimum, 1650-1710 CE (Ammann et al., 2007). This declining temperature pattern is
supported by a dataset of 59 Arctic/subarctic time-series multi-proxy records with annual-
decadal resolution covering the last 2,000 years (PAGES 2k Consortium, 2013; McKay and
Kaufman, 2014; https://www.ncdc.noaa.gov/paleo-search/study/16973). The increase in sea ice

extent during the late Holocene appears to be circum-Arctic, although there are different regional
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patterns of temperature and ice variability (e.g. de Vernal et al., 2005, 2013; Farmer et al., 2011;
Bringué and Rochon, 2012; Stranne et al., 2014; Stein et al., 2017; Horner et al., 2016).
Superimposed within the overall cooling trend are many multi-decadal to centennial-scale
warmer or colder summer intervals that vary by region, as revealed in records from, for example,
tree rings, Greenland ice cores, and lake sediments (Kaufman et al., 2009; PAGES 2k
Consortium, 2013).

A period of milder climate identified in many records is the MCA, from ~800-1200 CE
(e.g. Broecker, 2001; Bradley et al., 2003b), but it is not synchronous in all regions (Bradley et
al., 2003a&b; Kaufman et al., 2009; PAGES 2k Consortium, 2013). Proxy data are insufficient to
determine if this was an Arctic-wide or wholly northern hemisphere event (Kaufman et al.,
2009). Neoglacial summer cooling reached a maximum during the LIA (~1300-1850 CE; Miller
et al., 2010). In many areas of the Arctic, glaciers and ice caps began to re-advance ~1300 CE
(Anderson et al., 2008), with the coldest period between ~1550-1900 CE (Bradley et al., 2003a),
+50 years (Kaufman et al., 2009). Despite decreasing summer insolation through the 20th
century, instrumental and proxy data show a “hockey-stick” shaped increase in temperature
attributed to greenhouse gas emissions during the late 20™ to early 21 centuries (Mann et al.,
2008; Miller et al., 2010; IPCC, 2021). This warming is globally ubiquitous and amplified in the

Arctic (e.g. McKay and Kaufman, 2014; PAGES 2k Consortium, 2013 and references therein).

4.2.2 Environmental significance of microfossil species

Micropaleontological studies of benthic ostracodes and foraminifera have demonstrated
that faunal biofacies record regional-scale and short-term ecosystem changes linked to sea-ice

cover, surface productivity, and bottom temperature (e.g. Scott et al., 2009; Cronin et al., 2010;
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Poirier et al., 2012; Polyak et al., 2013; Gemery et al., 2017, 2021a). These benthic faunal
records are interpreted by comparison with modern species distributions and their affinities. This
comparison allowed us to consider environmental changes in temperature, salinity, productivity,
sea ice, sediment substrate, the strength of Pacific water inflows and river inputs, and storm
events as possible conditions that can alter species abundance and distribution. Many of these
factors also affect stable isotope ratios.

All taxa discussed here are typical representatives of Arctic-subarctic shallow-water
continental shelf fauna (Cronin et al., 2021). Specifically, in order to identify changes in water
mass characteristics of Arctic-Pacific water vs. Atlantic water vs. freshened water from river
inputs, we relied on published preferences concerning a taxon’s ecological/environment habitats,
which are commonly associated with temperature and salinity. For purposes of this study, we
distinguish three water mass categories and the foraminifera and ostracode taxa used as
indicators of each water mass:

1.) Indicators of Atlantic water are species commonly found in relatively warm water (>0°C) and
high salinities (33-35), with wider depth tolerances (shelf and slope waters). Species indicating
Atlantic water suggest considerably less influence of river inputs and sea ice melt. These species
are: Cassidulina teretis s.1., Cassidulina reniforme, and Semicytherura complanata (see Note on
C. teretis s.l. taxonomy, below).

2.) Indicators of Arctic shelf water are versatile species more adapted to cold (<0-3°C) water and
typically shelf salinity of 31-33. These species include Elphidium excavatum forma clavatum,
Sarsicytheridea bradii, and Kotoracythere arctoborealis. The ecological affinities of C.
reniforme also align with this group when it appears in an assemblage with E. excavatum forma

clavatum (Hald et al., 1994).
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3.) Low-salinity tolerant species are adapted to environments with high variability, with seasonal
fluxes of salinity, food supply and temperature. Indicators of cold Arctic waters (<1°C)
influenced by river inputs at polar surface water depths are Paracyprideis pseudopunctillata and
two agglutinated species Spiroplectammina biformis and S. earland;.

A more detailed ecological overview of the foraminifera and ostracode species in each

water mass group is provided below, with dominant ostracode species summarized in Table 4.1.

4.2.2.1 Atlantic water species

Foraminifera C. teretis s.l. and C. reniforme inhabit Arctic continental shelves, however
they occur together more commonly in slope sediments of intermediate depths (400-1500 m),
which suggests Atlantic-modified water (0 to 3°C) and uniformly high salinity (34-35; Ishman
and Foley, 1996; Schroder-Adams et al., 1990; Scott et al., 2008). The use of these species as
indicators of the presence of Atlantic water with warm and saline attributes is well established in
many studies using high latitude foraminifera (e.g., [shman and Foley, 1996; Seidenkrantz 1995;
Mackensen and Hald, 1988; Polyak et al., 2002; Jennings et al., 2011; Perner et al., 2011, 2013;
Cage et al., 2021). C. reniforme is a key taxon used in reconstructing seasonal sea-ice coverage
because it i1s common on Arctic shelves and in glacially influenced fjord environments (Polyak et
al. 2002; Jennings et al., 2011). This species seems to prefer cold-water areas (temperatures
below ca. 2°C), and is not found in salinities <30 (Polyak et al., 2002).

The ostracode species S. complanata inhabits areas with frigid temperatures (<0-3°C) and
normal marine salinity, but is found in greater abundance in higher salinity (>33) waters
(Gemery et al., 2021a) and areas with winter polynyas (Stepanova et al., 2003). It has wide depth

tolerances, as it is found in Arctic Intermediate Water, 220-1000 meters deep, in the Greenland,
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Norwegian and Kara Seas (Cronin et al., 1994). This species shows no discernable sediment
preference (Gemery et al., 2021a). As an infaunal species, it appears to tolerate bottom waters
with faster moving currents, as its abundance increases in coarse sediments directly north of the

Bering Strait and in Icy Cape region, northeast Chukchi Sea (Gemery et al., 2021a).

4.2.2.2 Eurytopic Arctic shelf species

Like C. reniforme, E. excavatum forma clavatum is a common and widespread
foraminifera on shallow Arctic continental shelves. Noted for its habitat versatility, E. clavatum
is considered an opportunistic taxon (Hald et al., 1994) typical in muddy sediments (Polyak et
al., 2002).

S. bradii is a eurytopic ostracode species with broad temperature and salinity tolerances,
taking advantage of highly dynamic environments (Gemery et al., 2021a). Hazel (1970)
categorized S. bradii as living in frigid to mild-temperate climatic zones, with a temperature
range of <0-18°C in depths of 3-750 m. This species is a generalist, as it lives in shallow and
deep open sea locations in both coarsely and finely grained sediments, with higher frequency in
sandy sediments and most typically in neritic, but fully marine environments (Stepanova et al.,
2007; Gemery et al., 2021a).

Ostracode species K. arctoborealis has been observed in highest abundances in
Chaunskaya Bay (Eastern Siberian Sea), a fairly protected and shallow bay, with a maximum
depth of 31m its greatest depth (Cronin et al., 2021). This area is covered with ice most of the
year and bottom waters are subject to brine rejection but also freshwater inputs from rivers in
summer. Here K. arctoborealis was collected in salinities of 19 to 25 (Cronin et al., 2021). In

addition, it is found in lower abundances (2-16% of total species assemblage) in normal marine
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shelf salinity (31-33) and very cold waters (<0-3°C) of the Bering, Chukchi, and Eastern Siberian
Seas (Cronin et al., 2021). It typically occurs in assemblages that include S. bradii, at depths of
40-100 m (Gemery et al., 2021a). K. arctoborealis is not present on the Eurasian shelves (Kara,
Laptev and Barents Seas). It is not found in Norton Sound of the Bering Sea, which is seasonally

some of the warmest and freshest coastal waters in the Bering Sea.

4.2.2.3 Low-salinity tolerant species

Explicit bottom water changes are signaled by changes in the abundance of several
agglutinated foraminifera, S. biformis and S. earlandi. Agglutinated taxa are considered to have
low trophic requirements that can withstand low food supplies (Alve, 2010; Jennings et al., 2001;
Jernas et al., 2018). S. biformis and S. earlandi are found in low-salinity/estuarine and very cold
bottom waters that persist year-round, often in shallow (50-200 m) glaciomarine environments
(Scott et al., 2008; Perner et al., 2013; 2015) or semi-enclosed bays where turbidity and/or
anaerobic and/or acidic conditions are inferred (Schroder-Adams et al., 1990; Hayward et al.,
2007). They are indicators of Arctic Surface Water and glacial meltwater in Arctic fjords
(Jennings and Helgadottir, 1994). Increased abundance of agglutinated foraminifera may be a
response to conditions that hinder carbonate preservation (Schroder-Adams et al., 1990), since
these protists do not have a calcareous shell but instead create a shell by assembling particles
from the sediment. In a culture experiment that tested several agglutinated foraminifera species’
tolerance and responses when exposed to different dysoxia or acidified conditions, S. biformis
had the highest survivorship and chamber addition rates in high CO> and low oxygen conditions

(van Dijk et al., 2017).
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P. pseudopunctillata is a cryophilic ostracode that inhabits shallow (<50 mwd), nearshore
environments, often near river mouths such as in Norton Sound (northern Bering Sea), and
offshore areas characterized by cold bottom water temperatures, such as the Hanna Shoal region
of the northern Chukchi Sea (Cronin et al., 2021; Gemery et al., 2021a). It is particularly tolerant
of seasonally fluctuating salinities (Stepanova et al., 2007; Gemery et al., 2015; Gemery et al.,
2021a) to as low as 5-10 (Neale and Howe, 1975; Cronin, 1977). It is associated with sea ice,
sustained frigid temperatures (<0°C), and sediments with relatively high total organic carbon
(TOC)/phytodetritus (Gemery et al., 2021a). While the distribution of some ostracode species is
not restricted by bottom surface sediment types, this species is positively correlated to very fine-
grained sediment textures (Gemery et al., 2021a), which is useful for inferring sediment grain
size changes as current flows shift. P. pseudopunctillata is found in high proportions in modern
shallow (<20 m) surface sediments of the E. Siberian, Kara and Laptev Seas (Stepanova, 2006;

Stepanova et al., 2007).

4.2.3 Note on Cassidulina teretis taxonomy

Cassidulina teretis Tappan was first described from the northern Alaskan Coastal Plain, and it
has consistently been used as an indicator of Atlantic Water in mid-depths of the Arctic Ocean.
As detailed in Cronin et al. (2019), there are varying views on the taxonomy of C. teretis from
the Nordic Seas and eastern Arctic Ocean due to interpretations of an evolutionary transition
from Cassidulina teretis Tappan (Tappan, 1951) to Cassidulina neoteretis Seidenkrantz
(Seidenkrantz, 1995) during the Pleistocene. Based on morphological re-examination studies of
Lazar et al. (2016) and Cronin et al (2019), a C. feretis/C. neoteretis transition was time-

transgressive and these foraminifers may be ecophenotypes rather than different species. As
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noted by Scott et al (2008), within a population group, high variability exists in the aperture of
this species (See plate 6 in Scott et al., 2008). Due to unresolved questions about C. teretis
populations from the Arctic Ocean representing a single species (Cage et al., 2021), we use the

name Cassidulina teretis s.1. where “s.1.” refers to sensu lato, or “in the wide sense.”

4.3 Regional setting

4.3.1 Mackenzie Shelf hydrography

The Mackenzie Shelf, a broad rectangular-shaped platform in the southeastern Beaufort
Sea (Fig. 4.1; width ~120 km; length ~530 km), is one of most estuarine of all the panarctic
shelves (Macdonald et al. 1989). The Mackenzie River is the fourth largest of the Arctic rivers,
discharging ~280 km? (£25) annually (Melling, 2000) to the Mackenzie Shelf, mostly between
May and September (Macdonald et al. 1998). During summer, this equates to a 3.7- to 10-meter-
thick freshwater surface layer across the shelf (Macdonald et al. 1998; Carmack et al., 1989;
Jackson et al., 2015) that is separated from the underlying cold saline water by a seasonal
(summer) halocline (average salinity 20; Carmack et al., 1989).

Beaufort Sea shelf waters are mainly derived from relatively nutrient-rich Pacific Ocean
waters advected from the Bering Strait and Chukchi Sea. Flowing northeastward closest to shore
(~50-m isobath) is the Alaska Coastal Current (ACC) that mainly transports warm (T>3°C), low-
salinity (S=30-32) and nutrient-poor Alaskan Coastal Water in summer (Fig. 4.1; Weingartner et
al., 2005; Nikolopoulos et al., 2009). Most of the Pacific-origin waters (including warm and
fresh Pacific Summer Water and cold and salty Pacific Winter Water) from the other pathways in

Chukchi Sea eventually rejoin to the ACC before draining oft the shelf via Barrow Canyon (Lin
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et al., 2016, 2019b). The Barrow Canyon outflow then forms the Beaufort Shelfbreak Jet to the
east. The Beaufort Shelfbreak Jet is surface-intensified in summer with significant seasonal
variation (Nikolopoulos et al., 2009). It progresses eastward to the Canadian Beaufort Sea
through the Mackenzie Canyon (Lin et al., 2020, 2021). Besides the Shelfbreak jet, the primary
circulation on the Mackenzie Shelf, the Shelf Current, is predominantly wind-driven (Kulikov et
al., 1998; Lin et al., 2020), and the anticyclonic Beaufort Gyre is dominant further offshore in the
Canada Basin. Driven by wind, upwelling and downwelling commonly occur in both the
Alaskan and Canadian Beaufort Sea, and play an important role in shelf-basin interactions (e.g.,
Foukal et al., 2019; Lin et al., 2019a; 2021). Upwelling commonly brings up warm and salty
Atlantic water (T -1°C to 3°C and S 34-35) that generally resides at depth (below 150m on the
slope and even deeper in the basin, Nikolopoulos et al., 2009), while downwelling can transport
waters in the lower shelf layer into the basin (Lin et al., 2021). Mackenzie Shelf waters are
modified by multiple factors, including vertical mixing, winds, ice and river runoff (Fig. 4.1;
Macdonald et al., 1987; Williams et al., 2008). Hence, water mass analyses on the Mackenzie
Shelf are not necessarily straightforward (Carmack et al., 1989; Macdonald et al., 1989).

Sea surface temperature varies during summer (1°C to 10°C), but below ~40m, water
temperatures remain ~< -1 to -2°C year-round (Macdonald et al., 1987) and salinities are
between 30.4 and 34.4 (Carmack et al., 1989). These general patterns are also consistent with
recent bottom salinity and temperature measurements from conductivity-temperature-depth
(CTD) profiling system collections (Okkonen, 2013; as shown in Fig. 4.2a & b). During fall and
winter (November-April), winds, cooling and freezing flush out low-salinity surface water and
break down the shelf stratification so the water column is vertically well-mixed and uniform in

temperature and salinity (Macdonald et al., 1987). Sea ice covers the Mackenzie Shelf from
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September/October to May and can reach 2—-3m thick (Melling and Riedel, 1996). In the vicinity
of our core site in winter, mean salinity is 32.15 (£0.05) and mean temperature is -1.76°C

(£0.01°C; Jackson et al., 2015).

4.4 Materials and methods

4.4.1 Coring, sedimentology, sampling

The MC29, GGC30, JPC32 cores (69.97°N, -137.24°W, 60m) were collected during
expedition HLY 1302 in summer 2013 onboard USCGC Healy. The site, in which all cores were
collected, was located in the moat of a diapiric-like feature caused by methane gas hydrate
decomposition during a prior warming period, which enabled recent, well-laminated
sedimentation to occur. Additional description of the site is available elsewhere (Seidenstein et
al., 2018). Cores were sub-sampled in September of 2016, 2018 and again in May 2019,
including a second multicore, at Woods Hole Oceanographic Institution (WHOI). The sediment
was primarily dark gray clay-mud. Altogether, core samples were taken every centimeter from
MC29A and MC29B, and at 2-cm intervals from GGC30 and every 6cm from JPC32. Samples
of 1-cm-thick slices at 1-cm intervals were taken from MC29A and MC29B, 2-cm? aliquots were
taken every 2cm from GGC30 and 4-cm? aliquots were taken every 6¢cm from JPC32.
Subsamples representing every 1cm increment of MC29B and each 10-cm interval in GGC30
and JPC32 were used for biogenic silica analysis. In addition, subsamples of MC29B in 2-cm
intervals from lcm to 37cm were assayed for the radioisotopes 2'°Pb and '*’Cs in order to assess

sedimentation rates and chronology in combination with the '*C-dated intervals.
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4.4.2 Microfossil sample processing and assemblage analysis

Sediments were washed through a 63-micron sieve and the residue oven-dried. Because
the full round diameter of core MC29 was used, the average weight before processing was 30g
and the dry weight (after processing) of these 1-cm samples averaged 0.07g. In GGC30 and
JPC32, half of the core was sampled, and for each 2-cm interval, half of the half-round was
taken. Sample weight before processing ranged from 30 to 44g and after processing averaged
0.03g. Ostracodes were picked from all sediments greater than 125-micron size fraction to a
microslide, sorted and identified using the taxonomy of Stepanova (2006) and Gemery et al.
(2015). In accordance with counting protocols (Seidenstein et al., 2018), up to 200 foraminiferal
specimens were picked per sample. All ostracode specimens found in the samples were picked
and counted. Sample binning was done by combining count data from adjacent samples into one
grouped sample comprising a larger depth interval; for ostracodes, samples from core MC29
were binned every Scm, from core GGC30 every 10cm and from core JPC32 every 20cm
(Supplementary Table 4.2; ostracode counts are expressed as number of valves; articulated
carapaces were counted as two valves). For foraminifera data, individual samples contained
sufficient specimen numbers (~200, with a few exceptions in core JPC32) and binning was not
necessary. To identify significant changes in the faunal assemblages, 95% confidence limits were

calculated using the algorithm for binomial probability from Raup (1991).

4.4.3 Stable isotope analyses

Stable oxygen and carbon isotope ratios were determined for calcium carbonate tests of
C. teretis s.1. (n=61) and P. pseudopunctillata (n=50; Gemery, 2021). Data are reported in parts

per thousand, or per mil (%o) deviations of the '#0/'°O and '3C/'*C ratios relative to the V-PDB
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(Vienna Peedee Belemnite) standard using laboratory standards calibrated against NBS19 and
NBS18 (National Institute of Science and Technology). The ratios between '#0/'°O and '3C/'>C
are expressed as delta values (5'%0 and §'3C) as follows:

6180 and 61 3C %0 = [(Rsamp]e/Rstandard)_l]* IOOO

where R = 180/'%0 for §'%0 values or '*C/'?C for §'3C in the sample vs. the standard (Craig,
1961; Coplen, 1994). Values presented are not corrected for species vital effects, and are used as
a relative measure for changes in water mass characteristics and/or meltwater/river inputs to the
area. Analyses of ostracode shell 330 and 8'°C values were conducted at the University of
Maryland Center for Environmental Science in Solomons, Maryland, USA using a Thermo
Fisher Scientific™ Delta V Plus stable isotope mass spectrometer coupled to a GasBench®
peripheral preparation device. The precision of the measurements, based upon repeated
measurements of carbonate standards, was determined to be ~ % 0.1%o for 8'30 and ~ £ 0.06%o
for 8'3C. Each isotope measurement consisted of two adult valves from the same sample interval
that were cleaned of debris with water to achieve a weight of 40-90 pg. Only adult ostracode
specimens were used for geochemical analyses due to possible ontogenetic differences in shell
chemistry during the life cycle. This also minimizes differences in shell weights due to varying
shell size.

Foraminifera C. feretis s.1. 3'80 and 8'*C values were measured on an Elementar
IsoPrime dual inlet mass spectrometer with a Multiprep peripheral at the National Environmental
Isotope Facility at the British Geological Survey, Nottingham, UK. The precision of the data,
based upon repeated measurements of the internal standard (Keyworth Carrara Marble calibrated

against NBS), was determined to be ~ = 0.04%o for 6'*0 and ~ £0.03%o for 6'3C. Each isotopic

137



measurement comprised between 4-20 tests from the same sample interval. Tests from each
sample were cleaned of debris with water to achieve a weight of 30-120 pg.

The intervals from which shells were derived depended on the abundance and
preservation of specimens available in the sample. Because post-mortem processes can alter the
original shell chemistry, only shells that were translucent or translucent-white were selected with

no signs of early diagenetic effects.

4.4.4 Biogenic silica (opal)

Subsamples of HLY 1302-MC29, -GGC30, and -JPC32 (n=79; Gemery, 2021) were
analyzed for biogenic silica (opal) at the USGS Biogenic Silica Lab in Menlo Park, CA, USA
following the modified procedure of Mortlock and Froehlich (1989). This method is considered
reliable for quantifying biogenic opal in opal-poor deposits. Briefly, samples were treated with
IN HCI overnight to remove carbonates and rinsed with distilled Nanopure water three times.
Sediments were then freeze-dried, and 100 mg per sample was placed in a 0.1 M NaxCOs
solution at 85°C for four hours and cooled to room temperature overnight. 100 pL were reacted
with a molybdate blue complex. Absorbances were measured at 812nm wavelength using a
Thermo Scientific GeneSys 10S spectrophotometer. Biogenic silica measurements were
converted to opal concentrations using a 2.4 multiplication factor assuming 10% hydration (SiO:
* 0.4 H0). To estimate error, we measured a subset of replicates; the average 1-sigma standard
deviation for all replicates was 0.05 wt%. These assessments of precision and accuracy, in
addition to comparisons of internal standards, suggest the estimate of error for the analysis is

0.06 wt%. Sample values are reported as a proportion of the sediment mass.
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4.4.5 Chronology

Consecutive subsamples of MC29B in 2-cm intervals (0-38cm) were analyzed on a low energy,
high-purity germanium well detector for activities of 2'°Pb and '*’Cs (Gemery, 2021) at the St.
Petersburg Coastal and Marine Science Center (SPCMSC), a United States Geological Survey
lab in St. Petersburg, FL, USA. Each subsample (approximately 20-25g of wet sediment) was
oven-dried at 60°C for 48 hours. The dried sediment was homogenized to a fine powder with a
porcelain mortar and pestle. Dried ground sediments (6g) were sealed in polystyrene vials with
epoxy to prevent gas emanation. The sample weight and counting container geometry were
matched to a pre-determined calibration standard. The samples were sealed for a minimum of
three weeks prior to analysis to allow 22°Ra to reach secular equilibrium with its daughter
isotopes 2!“Pb and ?!'*Bi. The sealed samples were then counted for 2436 hours. Detector
efficiency was determined with IJAEA RGU-1 reference material. Radioactive activities were
decay-corrected to the date of field collection.

219} is a natural radioisotope derived from atmospheric deposition (a daughter product
of the uranium-238 decay series) with a 22.3-year half-life. Based on this natural decay rate,
210pp should reach a baseline value at our core site at ~1880 CE, if sedimentation has not been
disturbed. Cesium-137, a nuclear bomb fallout product with a 30.2-year half-life, is an
independent tracer of sedimentation that can be used to validate 2!°Pb chronologies. Given that
the peak bomb fallout was in ~1963, this year should align with the peak in '3’Cs activity. The
depth and activity of '3’Cs found in the sediments and the rate at which it decays can reflect
specific years following the introduction of the nuclear fallout product in context of the
sedimentation rate, or it can also provide evidence of bioturbation if the radionuclide is well-

mixed. Because *’Cs preferentially binds to clay mineral surfaces, its activity can also be
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related to fine sediment content and total organic carbon (Avery, 1996; Cooper et al., 1998).
Relevantly, these fine sediments are also present on the Mackenzie Shelf. The accumulation of
both 2!%Pb and '*’Cs is assumed to be constant from direct deposition but likely with some import

from the watershed (Fig. 4.3).

Radiocarbon dates from molluscs and mixed benthic foraminifera were generated using the
National Ocean Sciences Accelerator Mass Spectrometer (NOSAMS) facility at Wood Hole,
MA, USA. Ages were calibrated to calendar years BP with the Marine20 radiocarbon age
calibration curve (Heaton et al., 2020) using the Calib version 8.2 software (Stuiver et al., 2021;
Fig. 4.4; Table 4.2). Because old Pacific waters are a component of the Beaufort Sea, we
corrected for a regional reservoir age of 477+60 years based on late Holocene sediments
absolutely dated by 3.6 ka Aniakchak volcanic ash (Pearce et al., 2017). Radiocarbon ages are
reported using the BP 1950-time '*C scale, meaning years before 1950 are also converted to
calendar years (CE). The age model for MC29 was fit linearly using the regression equation
based on the most recent radiocarbon date at 30cm and back-dated under the assumption that the
0—1cm interval represents the year the core was collected (Fig. 4.4; calendar year 2013, -63 years
BP). The activity levels of 1¥’Cs and 2!Pb in MC29 were used to corroborate the MC29 age
model from the radiocarbon dates. By matching the foraminiferal faunal assemblages of GGC30
with MC29, it was determined by Seidenstein et al. (2018) that 20cm was missing from the top
of GGC30. Likewise, we followed that study’s determination that 301cm was missing from the
top of JPC32 to align with the bottom of GGC30. Linear sedimentation rates were calculated by

dividing the difference in depth by the difference in age between two samples. These rates do not
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account for possible compaction of sediment with depth, elastic rebound of sediment cores with

decreased pressure, or coring disturbance.

4.4.6 Statistical analyses

Multivariate statistical analyses were carried out using the Paleontological Statistics
(PAST) software package, version 3.24 (Hammer et al., 2001). Principal component analyses
(PCA) were used to determine how foraminifera and ostracode species assemblages in sample

intervals group by similarities/differences in species composition (Fig. 4.5a&b).

4.5 Results

4.5.1 Correlation of radioisotopes and AMS ¥C dating

In MC29, a consistent logarithmic decline of >'°Pb shows that background activity (~3
dpm/g) was reached at the 23-cm core depth (Fig. 4.3a). Based on the 22.3-year half-life of
210pb, only background (“supported”) activities should be reached by the year 1880 CE. Per our
age model, the 1880 CE date coincides with ~28-cm depth. There are a few minor spikes of
slightly higher activity sediment (~1dpm/g) in the >!°Pb concentration after 23cm that may be a
consequence of sediment transport.

The temporal change of '37Cs radioactivity in MC29 shows the 1963 nuclear weapons
testing maximum between 7-15cm, which is the depth of peak '37Cs activity (Fig. 4.3b). Our age
model aligns with the 1963 date at 11cm depth, which is the middle of the 7-15cm ¥7Cs
maximum. The first testing of nuclear weapons in 1954 aligns with 13cm, within the beginning
range of peak '3’Cs activity. Overall, both curves support that sedimentation dominates over
bioturbation at the core site (Fig. 4.3). Both curves corroborate the dates used in the MC29

section of the age model.

141



Seventeen radiocarbon dates show that before ~550cm composite depth, the sediments of
JPC32 are disturbed (Table 4.2; Fig. 4.4a). A regression model with an 2 =0.97 is used to
linearly tie the 10 most recent dates of the undisturbed sequence (Fig. 4.4b). Therefore, the
record we present begins at 0 CE (2ka BP), or 490cm composite depth, and ends in the year 2013
at the top of MC29. We have confidence that the sedimentation was relatively undisturbed
through this period based on sequential radiocarbon dates and '3’Cs and ?!°Pb activity.
Sedimentation rates ranged from 22cm (in MC29) to 24cm/century (in GGC30 and JPC32).

The age uncertainty associated with the radiocarbon dates precludes the study of decadal-
scale variability, but the faunal and isotopic fluctuations enable the evaluation of sub-centennial

environmental changes and comparison with modern conditions.

4.5.2 Ostracode and foraminifera faunal assemblages

A total of 11 benthic ostracode species were identified (Gemery, 2021), and are listed in
order of percent abundance within the 2 kyr record (n=4356 specimens in 52 binned samples;
Fig. 4.6): Paracyprideis pseudopunctillata (55%), Semicytherura complanata (12%),
Kotoracythere arctoborealis (8%), Cytheropteron elaeni (5%), Acanthocythereis dunelmensis
(4%), Cytheropteron montrosiense (3%), Sarsicytheridea bradii (3%), Cluthia cluthae (3%),
Rabilimis mirabilis (2%), Palmenella limicola (2%), Roundstonia globulifera (1%). These
species make up 98% of the assemblage composition during the 2 kyr record. The number of
specimens per binned sample ranged from 18 to 274, with an average of 84 specimens (£50) per
grouped sample. Two of the binned samples contained less than 25 ostracode specimens (Fig.
4.6). Of the benthic foraminiferal fauna, 90% of the assemblage during the last 2 kyr was

comprised by varying proportions of calcareous species Cassidulina reniforme (32%), Elphidium
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excavatum forma clavatum (19%), Cassidulina teretis s.1. (11%), Stanforthia feylingi (7%),
Buccella frigida (3%), Stainforthia loeblichi (3%), Elphidium incertum (2%), and agglutinated
species Spiroplectammina biformis (12%), and Spiroplectammina earlandi ([1%]; n=24,767 total

specimens in 121 binned samples; selected species, Fig. 4.7).

The last 2,000 years were subdivided into four major time periods based on climate
oscillations identified by other published proxy compilations (e.g. Kaufman et al., 2009; PAGES
2k Arctic, 2013; McKay and Kaufman, 2014) and fluctuations of dominant foraminifera and
ostracode species abundance and isotope values (Fig. 4.8). The lowermost zone 1, from 300-
490cm, covers 0-800 CE. Zone 2, 190-300cm, covers the MCA (800-1200 CE). Zone 3, 35-
170cm, covers the LIA (1300-1850 CE). The uppermost Zone 4, 0-35c¢m covers 1850 to 2013
CE. PCA analyses (Fig. 4.5 a&b) show ostracode and, to a lesser degree, foraminifera species

assemblage composition aligns with these periods, which are described below.

4.5.2.1 Zone 1 (0-800 years CE)

This period is characterized by the ostracode P. pseudopunctillata dominating >60-90%
of the assemblages. Kotoracythere arctoborealis is a consistent species in the assemblage, and its
abundances fluctuate from 0-12% in samples. Sarsicytheridea bradii and S. complanata are
present in only some samples at very low percentages (<5%). Of the foraminifera, C. reniforme
averages 43%, E. clavatum averages 24% (with a standard deviation of 8%, not shown, please
refer to Seidenstein et al., 2018) and C. teretis s.1. averages 16% (standard deviation of £9%, Fig.
4.8¢) during this period. There is an interval of very low microfossil abundance from 330-350cm
(~640-670 CE) with 18 ostracode specimens denoted by a yellow highlight (Fig. 4.8a) and 24-49

foraminifera specimens (2 samples). While it appears that several faunas rapidly changed in
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relative abundance within this interval, this should be considered an artifact due to low

microfossil abundance.

4.5.2.2 Zone 2 (MCA, 800-1200 CE)

A notable change in the record during the MCA is signaled by distinct increases in the
agglutinated species S. biformis to between 20% to 42% of the overall assemblage in 12 sample
intervals within the depth range of 175-300cm, and this results in a decrease in C. reniforme to a
proportion of between 5-25%. A near absence of S. biformis coincides with a short-term maxima
of C. teretis at ~260-cm depth (~900 CE). Paracyprideis pseudopunctillata remains the
dominant ostracode species (50-80% of assemblages), with some variable increases of S. bradii

5-15%) and the consistent presence of K. arctoborealis at low proportions.
p prop

4.5.2.3 Zone 3 (LIA, 1300-1850 CE)

The beginning of the LIA at ~1300 CE is marked by a precipitous decline in P.
pseudopunctillata to between 6-30% of the assemblage. Semicytherura complanata reaches its
highest abundances (44%) of the record during 1400 to ~1600 CE and C. reniforme declines
from 45% to <20%. Cassidulina teretis increases modestly from ~4% to 26% with some
variability, as does K. arctoborealis, which reaches 20% of the assemblage population at ~1600
CE. After 1600 CE, both P. pseudopunctillata and C. reniforme increase and remain the

dominant species to 1850 CE.

4.5.2.4 Zone 4 (1850-2013 CE)
The most recent part of the record was sampled at consecutive one-centimeter resolution

for benthic microfossils and represents a time-averaged faunal record of every 23 years from
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1850 to 2013 CE. From 1850 to 1900 CE, dominant fauna P. pseudopunctillata and C. reniforme
decline in a somewhat stair-stepped manner from abundance highs of 60% to an average of 35%
and 30% by the 1950s. While these species decline (after ~1950), agglutinated foraminifera S.
biformis and S. earlandi sharply increase to abundances of 30-62% and 4-14%, respectively, and
reach peak abundances ~1970 to 1990 (5-10cm depth). Among the ostracode fauna, P.
pseudopunctillata represents 19% of the assemblage ~1980 and 32% ~2000, with other taxa in
the Cytheropteron spp. group (including C. elaeni, C. inflatum, C. paralatissimum) representing
up to 38% of the assemblage. Kotoracythere arctoborealis maintains an average population of
13% during the entire zone and 18% in the uppermost interval. The most recent 20 years of the
record shows the agglutinated species declining with a wider diversity of foraminifera
representing the assemblage, notably, C. reniforme (12%) and E. clavatum (9%) co-dominate
with S. biformis (17%). Other foraminifera that have significant increases in abundance since
~2000 CE include Elphidium incertum (12%) and Elphidium bartletti (8%), both of which prefer

riverine-influenced habitats with sandy, shallow seafloor areas off estuaries (Polyak et al., 2002).

4.5.3 Biogenic silica (opal)

Biogenic silica is used as an indicator of marine primary production in the surface water
from primarily diatoms, which are the dominant photosynthesizing marine organisms (Okazaki
et al., 2005; Addison et al., 2013). The biogenic silica rain rate and subsequent burial in the
sediments may suggest increased/decreased primary productivity resulting from a
reduced/enhanced sea ice cover. Low percentages of biogenic silica content are generally found
in glacial periods with more stable sea ice cover (Stein and Fahl, 2000) and when there was no
transport of Pacific surface waters through the Bering Strait. At our core site, biogenic silica

concentration (n=79) averaged 1.2% +0.23, with maxima (outside of the standard deviation
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ranges) corresponding to a few intervals in Zone 1 between 100 and 400 CE and in Zone 4 from
1925-2013 (Fig. 4.9a). Minima corresponded to intervals within Zone 2 during the MCA from

800-1150 CE, Zone 3 during the early LIA, and Zone 4 from 1850 to 1900.

4.5.4 Ostracode and foraminifera 6'80 and 6'3C

The 8'%0 values of cryophilic ostracodes reflect summer water masses, since it is during
the warmer months that ostracodes calcify their shells to an adult stage in order to reproduce
(Horne, 1983). More variability in temperature and salinity would be expected in summer than
winter due to warmer temperatures, Mackenzie river discharge, and sea ice melt.

The 8'%0 of P. pseudopunctillata (n=50) varied from +3.0 to +4.5%o, with an average
value of +3.8%o (£0.31), and a core-top value of +4.2%o (Table 4.3; Fig. 4.9b). Ten replicate
ostracode samples were measured from different sample intervals, and the average standard
deviation of the §'®0 intra-sample measurements was 0.1%o and for 8'3C, 0.4%o. Comparing &'30
of this species in the Beaufort Sea to values from modern specimens in the northern Bering and
Chukchi Sea shelves (at 75-80°N), we find average values to be lower in the Beaufort Sea by
0.6%o (+4.4%o [£0.4] per Gemery et al., 2021b). This suggests that 3'*0 of bottom water on the
Canadian Beaufort shelf may be lower overall due to some Mackenzie River water mixing to the
60 m seafloor. It is likely not due to temperature differences because values would be higher, and
bottom temperatures have remained cold (<0°C). The 830 of C. teretis s.1. (n=61) varied from
+1.9 to +2.9%0, with an average value of +2.3%o (£0.18), and a core-top value of +2.6%o (Table
4.3; Fig. 4.9b).

The mean §'80 values of both species from the MCA to post-LIA reveal a trend toward

higher isotope values that, assuming temperature is the primary control, correspond to a 1-2°C
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decrease in bottom water temperature. The §'0 values of P. pseudopunctillata ranged from
+3.0%o to +4.1%o during the MCA and from 3.7%o to 4.5%o during the LIA. The §'%0 value for
C. teretis s.1. varied from +2.0%o to +2.3%o during the MCA and from +2.3%o to +2.6%o during
1800-1900. Likewise, for the two species, mean §'%0 values during the last ~100 years (1900-
2013) is higher than average values over the past 2 kyr (Table 4.3; Fig. 4.9b).

The 8'*C values of P. pseudopunctillata fluctuated from —2.6 to —0.7%o, with an average
value of -1.7%o (£0.48), and a core-top value of —2.4%o (Table 4.3; Fig. 4.9b). The §'*C values of
C. teretis s.l. varied from -2.0 to -0.6%o, with an average value of —1.2%o (+0.32), and a core-top
value of —0.8%o (Table 4.3; Fig. 4.9b). A comparison of '3C values during the MCA and late- to

post-LIA showed no significant change.

4.6 Discussion

The ostracode, foraminifera, stable isotope, and biogenic silica records together
demonstrate that bottom water conditions varied considerably during the past 2 kyr. Alongside
species’ faunal changes (Fig 4.8) intervals with lower and higher §'%0 (Fig. 4.9b) and §'*C
carbonate values (Fig. 4.9¢) can be used to identify periods of changing water masses. Here, we
discuss how the fluctuations in proxy records (Figs. 4.8 and 4.9) may reflect the presence of
specific water mass and paleoenvironmental conditions during and within the four chronological

zones established above.

4.6.1 Cold Arctic bottom water during Zone 1 (0-800 years CE)

Dominant ostracode and foraminifera species support that cold, river-influenced Arctic
shelf water was primarily present on the bottom during this period. This is evident by high

abundances (>70%) of P. pseudopunctillata and a consistent presence (5-10%) of K.
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arctoborealis and foraminifera (24%) E. clavatum. Likewise, the abundance of C. reniforme
alternates from 30 to 70% of the assemblage. However, the varying presence of C. teretis s.l.
(>10%) implies there are some sustained Atlantic water incursions onto the shelf (Jennings and
Helgadottir, 1994), especially during 370-570 CE when C. teretis s.1. and C. reniforme (Hald et
al., 1994) combined comprise upwards of 60% of the assemblage. Stable isotope measurements
of both species are not highly resolved during this period but do not fluctuate much from average
values. The interval of low microfossil abundance (~600 CE), which is not resolved in this
record, could be attributed to several possible scenarios, such as transport or dilution of the fauna

from a storm event, or dissolution from diagenetic processes.

4.6.2 Variable warming, fluctuating conditions with Atlantic water incursions

during Zone 2 (MCA, 800-1200 CE)

High abundances (>60% assemblage average) of P. pseudopunctillata continue during
the MCA in addition to low and steady percentages of S. complanata and K. arctoborealis.
Abundance of thermally adaptable S. bradii increases (~15% of assemblage) at ~870-1000 CE
and 1100-1200 CE. The ostracode PCA (Fig. 4.5a) identifies the MCA and the period before 800

CE as zones in which low-salinity tolerant P. pseudopunctillata is most dominant.

Atlantic water upwelling is evident from the fluctuating abundance of C. teretis s.1. The
foraminifera PCA (Fig. 4.5b) shows most samples in the MCA include more C. teretis s.l. and
agglutinated species than the typical polar shelf species C. reniforme. Intervals in the early, mid-,
and late part of the MCA also see short but significant increases of agglutinated foraminifera S.

biformis from near zero to 32-42% abundance. Generally, an increased frequency of agglutinated
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taxa has been attributed to harsher or less stable environmental conditions, such as turbidity,
irregular food or anoxia (Jennings and Helgadottir, 1994; Perner et al., 2013, 2015).
Measurements of biogenic silica during the early and late MCA are the lowest sustained
percentages of the record, suggesting extended periods of somewhat depressed productivity.
There also is a strong negative excursion of binned 8'*C of P. pseudopunctillata and lower §'3C

values of C. feretis s.l. that corroborate reduced productivity.

Stable oxygen isotopes of P. pseudopunctillata are the lightest of the record (8'%0 = 3.0-
3.3%o0) and suggestive of less saline or warmer bottom waters, yet the 3'30 values of C. teretis
s.l. show only limited changes from average values. These patterns could result from the fact that
ostracodes most commonly reach adulthood in summer (Horne, 1983), so the §'30 of P.
pseudopunctillata is reflective of summer bottom temperatures (Gemery et al, 2021b) whereas
the foraminifera signal integrates more of the whole year. If the lower §'0 oscillations reflect
bottom water warming, this may have resulted from warmer summer fluctuations or possibly
changes in the extent, strength or temperature of Atlantic Water affecting the core site. Further,
we conclude that the lower 8'30 values reflect a temperature shift because freshwater changes
due to variation in the Mackenzie River outflow are not thought to be significant during the
MCA (Fig. 4.9d; Wickert, 2016). Overall, variable warming during this period is corroborated by
a reduction in sulfate aerosols from explosive volcanism (Crowley, 2000; Goosse et al., 2005)
and high levels of total solar irradiance (Bradley et al., 2003a&b; Beer, 2000). It may also be
related to circulation anomalies in the northern hemisphere, possibly involving a shift in the

mode of the North Atlantic or Arctic Oscillation (Bradley et al., 2003a &b).

149



4.6.3 Cooling and episodic sediment disturbance during Zone 3 (LIA, 1300-1850

CE)

After 1300 CE, the abundance of P. pseudopunctillata declines, and from 1400 to 1600
CE, P. pseudopunctillata reaches its lowest presence (10-30%) of the record, which is possibly
due to a sediment grain size change. Furthermore, Semicytherura complanata and K.
arctoborealis, which are found in coarser sediments (Gemery et al., 2021b), increase during this
300-year period, as well as low proportions (8-24%) of agglutinated foraminifera S. biformis.
Sediments on the Beaufort Sea shelf are generally high in silt and clay, with minimal to no sand
(Scott et al., 2008). The ecological tolerances of P. pseudopunctillata could accommodate slight
changes in temperature or salinity that would be feasible during this period and would be
unlikely to affect its abundance. Also, 3'30 values do not suggest higher salinity or extreme
temperature change. We surmise that it was stronger bottom water currents that winnowed the
very fine silts to create a coarse sediment bottom texture unfavorable to P. pseudopunctillata
(Gemery et al., 2021Db).

Atlantic water upwelling is evident from the abundance of C. teretis s.1. (4-26%) and C.
reniforme (17-48%) during the early and mid-LIA. After 1600 CE, the rebound of P.
pseudopunctillata to 45-65% abundance, the steady increase in C. reniforme to 46-52% and
continuous presence of E. clavatum (ranging from 13 to 35%) and S. biformis (ranging from 1 to
17%) all support a scenario where bottom water was generally influenced by very cold-water
masses as the LIA progressed. Cold water masses are indicated by the §'0 values of P.
pseudopunctillata, recording three high values >4.0%o before 1750 CE. At 1750 CE, there is one
8'80 measurement of 3.3%o, just below average values, but then values increase to above or

within average standard deviation ranges. 8'%0 values of C. teretis s.l. remain relatively constant
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within one standard deviation of variation through the LIA. Our proxy results support a cooling
trend from the MCA to LIA documented, which is demonstrated in the mean-annual temperature
reconstructions from the GISP2 ice core (Alley et al., 1999) and terrestrial records of arctic
summer temperatures (Kaufman et al., 2009). The mean 5'®0 values of both species from the
MCA to post-LIA shows a trend toward higher values that corresponds to a 1-2°C decrease in
bottom water temperature. Productivity, as reflected in biogenic silica measurements, varied

from 1300-1500 CE but thereafter remained high during most of the period until 1850 CE.

4.6.4 Continued near-freezing conditions and shifts in organic carbon and seafloor
environment during Zone 4 (1850-2013 CE)

Changes in faunal abundance (Fig. 4.8), shell geochemistry, and biogenic silica (Fig. 4.9)
during the most recent 150 years are substantial, and align more synchronously than do changes
at any other time during the previous ~1850-year records.

At 1850 CE, the Mackenzie River mean outflow starts declining from a high point
(11,693 m’/s), so that by 1950 CE, it reaches a low (7,204 m?/s, outside of standard deviation
ranges; Fig. 4.9d; Wickert, 2016). In addition, around 1850, sharp declines in biogenic silica and
the carbonate 8'3C values of both analyzed species, P. pseudopunctillata and C. teretis s.1., are
evidence for reduced water column productivity. C. reniforme (71%) reached its highest
abundance with E. clavatum (28%) and P. pseudopunctillata (~60%) both responding to cold
shelf waters and detrital or terrestrial carbon food sources (lower carbonate 3'3C values). From
1850 to 1900 CE, the §'%0 of both P. pseudopunctillata and C. teretis s.1. increased by 0.5%o
above standard deviation ranges, which supports not only reduced freshwater mixing from lower

Mackenzie River discharge but continued cooling of 1-2°C to ~1900 CE, the coldest interval of
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the record. Cooling until 1900 CE agrees with the summer Arctic temperature reconstruction of
Kaufman et al. (2009), which was particularly evident in records from ice and lakes in northern
Canada and Greenland. Our record shows that this 50-year cooling coincides with a steep
reduction in biogenic silica and expansion of inorganic carbon storage (lower or more negative
8'3C values), which may have been caused by an increase in sea ice cover that limited primary
production. Enhanced sea ice during this period is supported by diatom and dinocyst assemblage
evidence (de Vernal et al., 2013; Ledu et al., 2008; Bringué¢ and Rochon, 2012; Pienkowski et al.,
2017).

From ~1900 to 2013 CE, ostracode and foraminiferal community composition, biogenic
silica and stable isotope values all displayed large changes, suggesting an important shift in
water mass conditions. The proportion of dominant species P. pseudopunctillata begins a gradual
decline, which is accompanied by a rise in K. arctoborealis (11-18%), A. dunelmensis (7-13%)
and Cytheropteron species. The ostracode PCA (Fig. 4.5a) particularly highlights this subtle
increase of typical polar shelf water species K. arctoborealis and A. dunelmensis in the modern
(post-1950 CE) samples, which is not otherwise clearly evident. Dominant foraminifera C.
reniforme and E. clavatum follow the same declining pattern as P. pseudopunctillata. By 1950
CE, these species are largely replaced by agglutinated species S. biformis (42-62%), and S.
earlandi (5-14%), which are associated with cold, low-salinity Arctic water and sometimes less
hospitable (e.g. turbid, corrosive or low oxygen) environments (Schroder-Adams et al., 1990;
Jennings and Helgadottir, 1994; Korsun and Hald, 2000; Perner et al., 2012, 2015). Productivity,
inferred from biogenic silica values, rebounds from depressed values between 1850-1900 CE to
high levels above average standard deviation values from 1920 to 2013 CE, which suggests

diminished sea ice and prolonged summer open waters with sufficient nutrients in the upper
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water column. This is supported by observations that the ice-free ocean area of the Beaufort Sea
in summer has increased by 70% compared to the reference climatology (1981-2010; Wood et
al., 2015). After 1900 CE, our record shows slightly higher than average 6'%0 and §'°C values in
biogenic carbonates, suggesting that bottom waters remained cold with a high flux of organic
matter to the seafloor due to more productive waters. High primary productivity could lead to
high pCO2, and carbonate dissolution in the sediments from decay of organic matter. The drastic
change of microfossil species composition, reflected in the PCAs (Fig 4.5a&Db), and rise of
agglutinated species from 1950 to 1990 is an unambiguous sign that bottom waters became less
hospitable for calcareous species. This inhospitality could manifest as corrosive conditions or
greater turbidity from upwelling and/or downwelling that resuspended sediments or terrestrial
inputs from Mackenzie River dischange (Kipp et al., 2018). The Mackenzie river delivers large
amounts (~125 Mt/yr) of sediment to the shelf (Macdonald et al. 1998). Freshwater discharge
from the Mackenzie River has increased by 25% over the past several decades, and particulate
(terrestrial suspended particles and organic carbon) export from the river into the Beaufort Sea
has increased by 50% (Doxaran et al., 2015).

After 1990 CE, there are signs of some recovery of calcareous species. Foraminifera
showing significant increases in abundance since ~2000 CE include Elphidium incertum (12%)
and Elphidium bartletti (8%), both of which prefer riverine-influenced habitats with sandy,
shallow seafloor areas downstream of estuaries (Polyak et al., 2002). A strong increase in arctic
summer temperature during the last ~100 years is evident in terrestrial archives (Kaufman et al.,
2009). This pattern could support an increase in primary productivity and/or a longer growing

season (Arrigo et al., 2008) as well. Considered in sum, the proxy records imply a dramatic
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change post-1900 CE in the benthic environment, which may include nutrient and carbon cycling

over the Beaufort continental shelf influenced by the Mackenzie River discharge.

4.7 Conclusions and summary

This study improves our understanding of late Holocene oceanographic changes on the
Mackenzie Shelf based on benthic foraminifera and benthic ostracode distributions, oxygen and
carbon isotope values of their shells, radiocarbon and radiometric dating and biogenic silica
measurements of the sediments. Our results revealed the following:

e PCAs distinguish microfossil assemblage groupings that reflect changes in the bottom
water environment particularly during 1950-2013 CE, attributed to anthropogenic
influences.

e Oxygen isotope shifts appear to be correlated to the LIA, MCA, and recent periods that
indicate significant alterations in bottom water mass properties. Increases in §'%0 reflect a
~1-2 °C decrease in temperature from the MCA to the end of the LIA.

e Comparison of 8'%0 of P. pseudopunctillata in this downcore study with calibrations
from modern specimens in the Bering and Chukchi Seas (Gemery et al., 2021b) indicates
that mixing of river water lowers the overall 'O of bottom water masses on the
Mackenzie Shelf due to the proximity to the river estuary.

e From 0 to 800 CE, microfossil faunal assemblage composition, 3'30 and 8'3C records
generally reflect cold conditions with multidecadal variability and some sustained
Atlantic water incursions onto the shelf. Average to high biogenic silica measurements
suggest productivity was fairly stable. An anomalous interval at ~600 CE of low

microfossil abundance limits interpretation.
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From 800 to 1200 CE, microfossil §'%0 suggest summer warming oscillations and
periods of low productivity (biogenic silica) during the MCA, and pronounced increases
in agglutinated species S. biformis suggest some instability (i.e. episodic food and/or
turbidity) affected the bottom environment.

From 1300-1600 CE, the early LIA period is marked by previously dominant P.
pseudopunctillata declining to its lowest abundance of the record (10-30%). This
suggests a period of increased current flow that winnowed its preferred fine sediment
substrate. Known to inhabit sandy sediments, S. complanata and K. arctoborealis
increase during this interval.

During the mid-to-late LIA (1600-1850 CE) the abundance of P. pseudopunctillata
rebounds with the progression of more stable, cold conditions, as indicated by high
biogenic silica values and generally high §'%0.

From 1850 to 1900 CE, alignments of very high microfossil §'%0, very low biogenic
silica and low 8'*C shell carbonate values indicate this was the coldest interval of the
record, characterized by enhanced sea ice that depressed primary productivity. The
continuation of cold temperatures from 1850 to 1900 CE is consistent with the summer
temperature reconstruction of Kaufman et al. (2009).

From 1900 to ~1990, productivity, as reflected by silica and 3'3C, steeply rebounds and
remains high. Dominant species P. pseudopunctillata and C. reniforme decline while
agglutinated taxa S. biformis and S. earlandi increase from 1950 to ~1990 to form up to
66% of the assemblage. The near-replacement of calcareous by agglutinated taxa during
1950 to ~1990 CE reflects bottom conditions more conducive to the ecology of

agglutinated taxa.
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e After 1990 CE, biogenic silica concentrations and 5'30 values remain high, and there are
signs of a slight recovery of calcareous foraminifera, which notably include species
whose distribution reflects river inputs, Elphidium incertum and Elphidium bartletti.

e Changes within the last ~60 years in all investigated proxies suggest longer periods of
open water, high productivity, greater freshwater inputs and/or turbidity along the

Canadian Beaufort Sea shelf.

4.8 Data Availability

Data presented in this study are available via a U.S. Geological Survey data release,

https://doi.org/10.5066/P9SRRW6T (Gemery, 2021).
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Figures Chapter 4

Figure 4.1 Schematic circulation of Chukchi and Beaufort Seas and geographic names. The

HLY 1302 MC29, GGC30 and JPC32 (69.97°N, 137.24°W) core site (magenta circle) on the
Mackenzie shelf in 60 m water depth. The green arrows denote the main pathway of Pacific-
origin water exiting Chukchi Sea shelf and contributing to the Chukchi Slope Current to the west
and Beaufort Shelfbreak Jet to the east. The blue arrow represents the Shelf Current in the
vicinity of Mackenzie Canyon. The Beaufort Gyre (yellow arrow) situates in the Canada

Basin. The bathymetry (in meters) is from The International Bathymetric Chart of the Arctic
Ocean (IBCAO) v3.
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Figure 4.2 Near-bottom summer a.) salinity and b.) temperature measurements (n=238) from a
subset of CTD collections during August and September, 1990-2012 (Okkonen, 2013), with the
core site denoted by a white circle. Archived data sets from which the CTD summary data were
derived are detailed in Grebmeier et al. (2015), Appendix G1. Figure created using Ocean Data
View software (Schlitzer, 2018).
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Figure 4.3 Correlation of multicore 29 (MC29B) chronology to activities of 2!°Pb and '3’Cs in
the top 37cm of sediment.
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Figure 4.4a.) Age-depth model of HLY 1302 composite cores, MC29, GGC30, JPC32. Seventeen
median radiocarbon dates shown with 2-sigma error bars (~95% of the measurements fall within
the bar range) in years before present (BP) and calendar years (in red parentheses). b.) the
regression model y=4.0683(x)+ 196.91 used to linearly tie the 10 most recent dates of the
undisturbed sequence.
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Figure 4.5a&b. Principal component analyses of (a.) ostracode assemblages and (b) foraminifera
assemblages colored by major time periods.
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Figure 4.6. Stack plot of ostracode species that make up 98% of the assemblages by composite
depth.
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Figure 4.7. Stack plot of primary foraminifera species that make up ~95% of the assemblages by
composite depth.
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Figure 4.8a.) Number of ostracode specimens per binned sample; MC29 was binned every 5 cm,
GGC30 every 10 cm and JPC32 every 20 cm. Two samples contained <25 specimens/binned
sample, and these are indicated by yellow highlights. b.) Percent abundance of selected benthic
ostracode and c.) foraminifera species (of total specimens/sample) against composite core depth.
Selected foraminifera faunal data from Seidenstein et al (2018). Foraminifera species abundance
in MC29 (black lines) are plotted separately from GGC30/JPC32. General periods of the LIA
(1300-1850; ~36-160 cm composite depth) and MCA (800-1200; 195-294 cm), per our age
model, are shown by blue and red shaded vertical bars, respectively. The beginning of each time
zone is labeled 1, 2, 3, and 4. Confidence limits (95%) shown on the faunal plots were calculated
using the algorithm for binomial probability (Raup, 1991).
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Figure 4.9a.) Percent of sediment biogenic silica against age (calendar years, CE); b.)
Measurements of ostracode §'0 (green) and foraminifera §'80 (blue) against age; c.)
Measurements of ostracode §'C (green) and foraminifera 8'3C (blue) against age. Carbon
1sotope values are binned (averaged) in 25-year intervals from 1800 to 2013 and binned by 100-
year intervals from 0 to 1800 CE to smooth the large variability of measured values; d.) Modeled
Mackenzie River outflow per Wickert (2016), and modern value representing 1990s from Carson
et al. (1998). Shaded horizonal bars on plots indicate average standard deviation values.
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Tables Chapter 4

Table 4.1. Dominant ostracode species used in the HLY 1302 composite cores (multicore
[MC29], gravity core [GGC30], and piston core [JPC32]) to infer water mass changes at the
Mackenzie shelf site. SEM photos taken from Gemery et al., 2015.

P. pseudopunctiflata

S. bradii

S. complanata

Aflantic water

K. arctoborealis

q typical typica di food repi q istributi mode of primary ecological
SIeces P e| salinity b prefe e| climate zone primary modern distri o life reference(s)
L eunhaline, w!nherwaber : . N MNearshore waters off Greenland, Norwegian, Kara,
yprideis cold (=1°C) | er proximal ymh fresher fine :Ity phyto detritis arl:lhc :E:K;U Laptev, EastSiberian, Beaufort, Chukchi Seas, infaunal Stepanova, 2006
pseudopunctifatn inputs fruas clreumsArchc and Norton Sound in Bering Sea
MNorth Atlartic (north of Cape Cod and Georges Bank),
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Table 4.2 List of radiocarbon dates for the HLY 1302 composite cores and calibrations using
CALIB 8.2 software (Stuiver et al., 2021), the Marine20 calibration curve (Heaton et al., 2020)
and a marine reservoir correction of AR =477+60 years (Pearce et al., 2017). Yellow highlight
denotes seven new samples measured to improve the age model of Seidenstein et al (2018).

BP before present 1950 CE

Callbrated age range BP (20 confldernce)
Depth Age
compasite Uncalibrated  |eror 2 sigma % |median
Accession # [Submitter Identification {cm) Material age (yr BP) (yn) AR from to confidence|age (BP)
08-106827 |HLY1302 MC-29A 30 mixed benthics  [615 20 no a 223 954 80
©8-154540  |HLY1302 GGC30 15-17¢m 36 molluse 1.090 15 47760 |0 244 954 96
0S-154541  [HLY1302_GGC30_45-47cm 66 molluse 1.330 15 477 +60 |130 483 954 318
08-130828 [HLY1302_GGC30_154-156cm 175 mollusc 1,760 15 477 £ 60 |523 849 954 678
08154543 |HLY1302 GGC30 172-174 185 molluse 2.050 30 477 +60 |772 1161 954 964
08-154650¢ |HLY1302_GGC30_175-177 196 molluse 2,010 55 477 + 60 |709 1135 954 919
08-154544  [HLY1302_GGC30_235-237cm 256 mollusc 2,130 20 477 + 60 |878 1244 954 1047
0S-106830 |HLY1302 GGC-30, bot corecatcher 311 mixed benthics  [2.340 20 477 + 60 |1064 1426 954 1258
08-130708  [HLY13-02 JPC32, 70-72 cm 372 molluse 2,530 20 477 +60 1278 1642 954 1452
08-130710  [HLY13-02 JPC32, 250-252 cm 552 mollusc 2,890 20 477 + 60 |1681 2095 954 1B75
Sediment reworked, not used:
0S-131451  [HLY13-02 JPC32, 260-262 ¢cm 562 mixed benthics  [3,180 20 477 +60 (2010 2445 954 2232
08-154603  |HLY1302_JPC32_ 340-342cm 642 mollusc 2,980 15 477 £ 60 (1765 2206 954 1986
0S$-130711_ |HLY13-02 JPC32, 380-382 ¢cm 689 molluse 3.380 20 477 + 60 2308 2703 95.4 2497
08-130825 [HLY13-02 JPC32, 450-452 cm 752 molluse 3,250 15 477 +60 (2104 2568 954 2327
08-154604 |HLY1302_JPC32_ 500-502cm BOZ2 mollusc 3,110 20 477 £ 60 (1940 2339 954 2153
0S-130826 |HLY13-02 JPC32, 820-622 ¢cm 922 molluse 3.570 15 477 + 60 2499 2917 954 2724
08-130827 _|HLY13-02 JPC32, 710-712 ¢m 1012 molluse 3.700 15 477 £ 60 (2697 3077 954 2869
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Table 4.3 Summary of §'80 and §'*C isotopic data.

8"0 (% VPDB) 3G (%« VPDB)
P.pseudo | C. teretis | P.pseudo | C. teretis
Avg over 2ka record 338 2.3 -1.7 -1.2
stdev 0.31 0.18 0.48 032
n= 50 61 50 61
Avg last 100 yr 4.0 2.4 -1.6 -1.2
stdev 017 0.16 0.48 032
n= 6 16 6 16
Avg during end of LIA
(1800-1900 CE) 44 2.3 -1.8 -1.2
n= 8 8 8 8
Avg during MCA 36 2.1 -1.8 -1.3
n= 9 10 9 10
%o increase in 8'°C from
MCA to LIA 0.5 0.2
°C temperature decrease 2 i
from MCA to LIA
r2 trend of increasing 3'*O
from MCA to present (800- 0.26 0.38
2013 CE)
r# trend of increasing &8"C 0.02 027
over 2ka record

168



Chapter 5: Overall Conclusions

5.1 Review of project goals and key findings

In this study, ostracodes are shown to be sensitive indicators of benthic environmental
conditions, and can be used as a tool to assist in monitoring the progression of environmental

changes, as well as detailing changes in the past.

Results from Chapter 2 (Gemery et al., 2021a) confirmed that ostracode abundance and
distribution are controlled by bottom water temperature, salinity, organic carbon deposition, and
sediment substrate, which are directly related to the transit of summer water masses. During the
last decade, an incipient increase was found in two cold-temperate species, Schizocythere ikeyai
and Munseyella mananensis, which primarily inhabit shallow North Pacific sediments off Asia.
This finding suggests that these species are responding to recent increases in coastal and mid-
shelf bottom water temperatures and/or carbon flux to the benthos. This chapter not only
documented the biogeography of ostracodes in the Pacific-Arctic, it determined the controlling
environmental factors that influence ostracode species in particular assemblages, which will
ultimately improve the interpretation of fossil assemblages from sediment cores for

paleoceanographic reconstructions.

In Chapter 3 (Gemery et al., 2021b) results confirmed that ostracode shell §'%0 is not
secreted in equilibrium with ambient water §'30, and vital-effect offsets for each species
(relative to equilibrium inorganic calcite) are significant, ranging from +2.4 to +1.1%o.

Regression analysis results supported that seasonal hydrography of warmer and less saline
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Alaska Coastal Water and very cold, saline Bering Sea Water and Remnant Winter Water is
reflected in stable isotope records of water §'%0 and in §'%0 values of two species, N.

leioderma and P. pseudopunctillata. Notably, S. bradii was found to not be a good species to use
for paleo 8'®0 reconstructions due to large vital-effect offsets and lack of any correlation with
temperature and seawater 8'%0. Intra-sample variability of ostracode was found to be £0.2%o,
which supported that ostracode carbonate §'80 primarily reflected mean summer water isotopic
composition and temperature. Overall, this study provides calibration information for using
ostracode 3'30 values to evaluate paleooceanographic bottom-water conditions and circulation

patterns associated with specific water masses in the Bering and Chukchi Seas.

Chapter 4 (Gemery et al., 2022, submitted, Micropaleontology) presented a 2,000-year,
multi-proxy paleoceanographic reconstruction that revealed short-term paleoenvironmental
changes on the Mackenzie continental shelf. Specifically, microfossil carbonate 3'30 shifts were
correlated to the Medieval Climate Anomaly (~800 to 1200 CE), Little Ice Age (~1500-1850
CE), and recent periods that indicate pronounced alterations in bottom water mass properties.
During the Medieval Climate Anomaly, microfossil §'%0 suggested summer warming
oscillations and periods of low productivity (as indicated by low silica and microfossil carbonate
8'3C values). Pronounced increases in agglutinated species suggested bottom waters were
affected by increased water turbidity or anoxia, which was less conducive to calcareous faunas.
During the Little Ice Age (~1500-1850 CE), progression to a colder, productive environment was
indicated by high biogenic silica values and generally high ostracode §'30. The coldest interval
of the record occurred 1850-1900 CE, where high microfossil 6'0, low biogenic silica and low
carbonate 8'°C values align, suggesting that enhanced summer sea ice suppressed productivity.

Within the last ~60 years, changes in all investigated proxies are consistent with longer periods
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of open water, high productivity, greater freshwater inputs and generally, greater variations in the
bottom waters of Beaufort Sea shelf. Assessing effects of Arctic change from modern
measurements is limited by the length of observational data sets. Because high-resolution
sediment records on high-latitude continental shelves are rare, this record is important to
understand past natural climate variability and contextualize benthic ecosystem change in the

modern environment due to anthropogenic forcings.

Overall, the comprehensive results of this dissertation study pave the way for
paleoceanographic questions to be answered using the faunal assemblages, ecology and chemical
composition of microfossils in complex continental shelf ecosystems. The findings about specific
species ecology and controls on species incorporation of stable oxygen isotopes into their
carbonate shells illustrate the need for basic species-level ecological and geochemical studies.
Lastly, these studies were only possible through, and further demonstrate the value of, long-term
monitoring programs (like the Distributed Biological Observatory and predecessors) with
comprehensive spatial coverage, physical and chemical oceanography as well as multi-trophic

fauna studies.

5.2 Future work

Continued monitoring of temperature-sensitive ostracode species distributions in the
Pacific-Arctic region is important to provide information on annual and decadal trends in species
responses to climate and ecosystem change. Future efforts can be guided by utilizing the
particular ostracode species defined as “biomonitors” of changing benthic environments (Chapter

2).
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Ocean acidification (OA) is an important topic that may be interesting to explore further
by utilizing ostracodes, particularly at DBO1 (St Lawrence Island, northern Bering Sea), DBO3
(southern Chukchi Sea), DBO4 (northeast Chukchi Sea), as these areas are known to be
experiencing seasonal OA (Cross et al., 2014; 2018). In the recent decade, samples from the
DBOI1 ecoregion have been nearly barren of ostracodes, yet in prior decades, ostracodes had
been abundant there. An area where progress might be made is to examine shells from living
ostracodes from surface samples for evidence of OA based on mineralogical, elemental and
structural carapace properties. This can be achieved by using a combination of methods,
including scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS)
and Raman spectroscopy for elemental analysis, and X-ray microscope nano-computed
tomography (XMCT). With these techniques, the elemental and structural composition, density,
and thickness of ostracode valves can be measured over geographic regions and over time.
Ostracode shell surface microstructures can also be characterized using SEM and XMCT. New
surface sediments collected in the Bering and Chukchi Seas for ostracode analysis utilizing the
DBO cross-shelf transects can be compared with archived ostracode collections at USGS from
earlier years. Previous sampling sites could be matched up with the new sampling locations,

strategically picked to assess known areas of seasonal OA.
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